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ABSTRACT 
CuGa02 is a p-type conducting transparent oxide with the delafossite structure. 
Considerable interest has been garnered in this field upon the creation of transparent pn 
junctions using delafossite materials. In order for CuGa02 to be considered a candidate in 
transparent devices, the conductivity of this compound must be first increased. It has been 
suggested that Cu vacancies (V cu') or interstitial oxygens (Oi") may be the primary 
conduction mechanisms within CuGa02. This study demonstrates the effects of non-
stoichiometric batching and oxygen annealing of this compound. Structural data will be 
presented through the use of x-ray diffraction, transmission electron microscopy, and 
scanning electron microscopy. Electrical characterization will be made using ac impedance 
spectroscopy and conductivity versus time and temperature graphs. 
Non-stoichiometric compositions ranging from Cuo_95Ga02 to Cu1.05Ga02 were 
produced using solid-state synthesis. Conductivity and activation energy measurements do 
not show an appreciable change in either with respect to non-stoichiometry. X-ray diffraction 
data shows a solubility limit from Cuo.9sGa02 to Cui.02Ga02 after which both the a and c 
lattice parameters show a marked decrease in length. This decrease is accompanied by the 
formation of Ga20 3 with the Cu-deficient compounds. 
0 2 annealed samples were prepared by annealing stoichiometric CuGa02 in flowing 
100% 0 2 atmospheres at 400°C, 450°C, 500°C, and 600°C for 12 hours, as well as one 
sample annealed at 400°C for 100 hours. In-situ isothermal resistivity versus time 
measurements were also performed at 450°C and 500°C. Electrical data show a marked 
Vl 
increase in resistivity with annealing time and temperatures, while x-ray diffraction results 
show an increased decomposition from CuGa02 to CuGa20 4, CuO, and Ga20 3. The in-situ 
resistivity versus time data do not show evidence of oxygen intercalation before the 
decomposition reactions begin. 
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CHAPTER 1. INTRODUCTION 
1.0 Thesis Organization 
The format of this thesis is one that contains journal articles. As such, chapter 1 
contains a background and literature review of transparent conducting oxides, specifically 
Cu-based delafossite structures. Chapter 2 consists of the general experimental processing 
and characterization techniques used in this work. Chapters 3, and 4 contain journal articles 
which have been submitted to or prepared for submission to The Journal of Materials 
Science, and The Journal of Materials Science Letters, respectively. The Appendix is 
research done primarily by R. Bruce Gall while assisted by the author; it is presented in this 
work due to its relevancy and for completeness. These journal articles are followed by a 
General Conclusions and Future Work section which summarizes the results and conclusions 
presented in Chapters 3 and 4 as well as presents future work possible within this area of 
research. The references cited in Chapters 3 and 4, and the Appendix are presented at the end 
of their respective chapters, with references cited in the rest of this thesis presented at the 
end. 
1.1 Background 
1.1.1 Historical Review of Transparent Conductive Coatings and Oxides 
The idea of linking optical transparency with electrical conductivity in oxides was 
first realized in 1907. K. Badeker reported that thin films of cadmium could be deposited 
using a glow discharge chamber, and then oxidized to become transparent while still 
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retaining electrical conductivity. [1] However, transparent conducting oxides (TCOs) did not 
come into commercial value until the introduction of wide-band-gap semiconductor films. In 
the 1930s, copper oxide and selenium electrodes appeared on Schottky barrier cells used as 
the first solid-state photodetectors. During WWII, Nesa glass (Sn02 coated glass) was used 
in de-icing and de-fogging on aircraft windshields [2]. Since then, technical applications for 
TCOs have considerably increased. TCOs are now being used in solar cells, flat panel 
displays, touch-screen displays, and low emissivity architectural glass [2-4]. 
The current standard for TCOs is tin-doped indium oxide (ITO). This material 
provides the best performance of conductivity and transmissivity combined with stability, 
reproducibility, and good surface morphology [1]. While ITO is the most common material 
with regards to flat panel displays and architectural glass coatings, significant amounts of 
other TCOs are used for other applications. Other commercial TCOs include ZnO, fluoride-
doped Sn02, and Cd2Sn04 . These TCOs are used in applications such as security circuit 
sensors, 'smart' windows, some flat panel displays, and solar cell electrodes. 
Thin metal films, in thicknesses approximately 100-200 A have properties similar to 
TCOs. These films' strengths lie in their chemical compatibility, low work function, and ease 
of deposition. However, metal thin films tend to be unstable, have time dependent properties, 
and are significantly softer than TCOs. 
1.1.2 Transparent Conducting Oxide Device Possibilities 
All of the TCOs currently in commercial use exhibit n-type conduction. If a 
commercially viable p-type TCO can be found, the possibility for pn-based junction devices 
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open up a realm of new devices. This idea became a tangible reality when Hosono published 
the discovery of p-type conduction in delafossite CuA102 [5]. Since then, several other p-type 
TCOs (including CuGa02, and ScCu02+x) have been developed, as well as the first thin film 
pn junction. With this exciting development, devices such as transparent thin film transistors, 
UV emitting laser diodes, and UV sensitive photovoltaic devices have become a reality [ 6]. 
With the creation of a transparent pn junction, there has been renewed interest in 
developing improved TCOs. While this research has not yielded a material for transparent 
electrodes that surpasses that of ITO, considerable progress as been made in developing and 
enhancing the characteristics of p-type TCOs. 
I. I .3 Transparent Conducting Coatings: Material Characteristics Requirements 
In order to develop a TCO that surpasses ITO as the current leading TCO, several 
properties must be evaluated. The conductivity of the material must be at least as good as that 
of ITO, and high transparency in the UV and visible spectrum is required. Also, good 
stability, ease of deposition, availability and cost of materials, and environmental concerns 
should be considered when evaluating the commercial viability of a new TCO. A figure of 
merit for transparent conducting coatings (TCCs) was proposed by G. Haacke in 1976. In this 
case, Haacke found that that the worthiness of a TCC can be best characterized by examining 
the optical transparency (T) and electrical sheet resistance (Rs) with the maximum figure of 
merit occurring when T is at 90%. 
Equation I. I . I : 
TIO 
<fJrc =-
Rs 
4 
Through a more elaborate derivation than that which is provided, transmission and sheet 
resistance can be related to the absorptive coefficient (a), and conductivity (cr), respectively. 
This ratio can be further broken down into its contributing parameters, giving: 
Equation 1.1.2: 
Where c is the velocity of light, n is the index of refraction, v is the light frequency, µ is the 
carrier mobility, m* is the electron effective mass, and e is the electron charge [7]. 
Table 1.1.1: Figure of merit values for some TCOs [7] 
Material TlU Rs (O/square) <pTC 
Sn02 0.20 10 20 
In203:Sn 0.16 3.1 52 
Cd2Sn04 0.17 24. 71 
By examining Equation 1.1.2, one can see that several parameters need to be optimized in 
order find a strong TCO. Of these parameters, the effective mass and charge mobility of 
material can be studied to find a suitable TCO. Good TCOs should exhibit high mobilities. 
The desired high mobility is based on the idea that absorption process are caused by free 
carriers. The transmission range of light through nonmetals is dictated by the band gap at the 
low wavelength end and the number of charge carriers at the upper end. 
T 
(aribtrary 
units) 
UV 300 nm 
band 
gap 
5 
Visible 900 nm 
free 
carriers 
Figure 1.1.1: Optical transmission range for nonmetals [8] 
IR 
For TC Os to have transmission properties into the UV range, the band gap of the 
material needs to be greater than 3.0 eV. However, if a material exhibits a large band gap, 
this phenomenon generally means the material should also exhibit insulating characteristics. 
In order to get around this obstacle, TCOs must have wide conduction bands, which thereby 
improve mobility. A wide conduction band can be created by the overlap of orbitals such as 
the s-type orbital overlap present in heavy metals. Compounds that exhibit this mobility 
improving overlap also have other bond interactions that lead to strong coloring and a 
decrease in overall optical transmission. Cu20 illustrates this phenomenon by having 
semiconducting electrical properties, but also strong coloration due to d10-d10 orbital 
interactions[9]. Delafossites help to alleviate this situation by adding an oxide layer which 
allows the Cu to forms-type orbital overlap, but weakens d10-d10 orbital interactions. 
6 
Delafossites such as CuA102 can be used to show how compounds can exhibit both electrical 
conduction and transparency in the visible range. 
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1.2 Delafossites as Transparent Conducting Oxides 
1.2.1 AB02 Compounds 
The delafossite structure has the chemical formula of AB02, where the oxidation 
states for each ion are A+, B3+, and 0 2-. CuFe02, the first mineral to be determined to have 
the delafossite structure, was discovered by Soller and Thompson [11], and later confirmed 
by Pabst [12]. CuFe02 was found to be one of many AB02 compounds that can exhibit a 
variety of crystal structures. It has been assumed that the effective ionic radii of the A and B 
site cations as well as the electrostatic forces interacting between them give rise to the 
variance of structures within the AB02 oxides. Mapping AB02 compounds by their A and B 
site ionic radii has been used to create the structure map found in Figure 1.2.1; this map can 
be used to estimate the structure of many AB02 oxides. 
Table 1.2.1: Coordination classes for AB02 Compounds [ 11] 
Coordination Class AB02 Compound 
AVIBVIOVl2 NaCl Cubic 
a-NaFe02 Rhombohedral 
a-LiF e02 Tetragonal 
AlVBIYOIV2 B-N aF e02 Orthorhombic 
A v111B1v0 v12 KFe02 Orthorhombic 
A11Bv10 1v2 CuFe02 Delafossite 
Rhombohedral (Hexagonal) 
The AB02 compounds can also be grouped by coordination class as given in Table 1.2.1. 
One can rationalize each coordination class by using the structure map (Figure 1.2.1) as well 
as through a consideration of electrostatic forces. For the A VIB vio VI 2 class, the structure 
reduces electrostatic potential energy by creating sub-lattices into which the A and B cations 
separate. In this case, the A and B cation layers are ordered along <111> direction creating a 
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NaCl-like pseudocell such as the a-NaFe02 rhombohedral class [13]. Smaller B-site cations 
have a preference towards a four-fold coordination; if the A-site cation also prefers a 4-fold 
approximation, an orthorhombic structure similar to wurtzite will form, giving rise to the 
A1vB1v01v2 class [13]. For larger A-site cations, an 8-fold coordination number is more 
stable, and the orthorhombic A vmB1vOv12 class is created [13]. Unfortunately, the delafossite 
structure has a much different structure than the other AB02 compounds and is not easily 
rationalized by examining purely ionic and electrostatic forces. A different approach is 
needed to understand the delafossite crystal class. 
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1.2.2 Delafossite Structure 
The delafossite structure takes on the crystal class A11B VIoIV 2. The oxide forms as 
sheets of edge shared B06 octahedra, where the B atom is a trivalent four-fold coordinated 
metal ion. These octahedral layers are separated by triangular A+ metal ion layers which form 
0-A-O units oriented along the c-axis[14]. It should be noted that the B06 units are not 
perfect octahedra; rather they are slightly flattened along the c-axis. This distortion is 
expected to be due to the electrostatic repulsion of the neighboring B3+ ions[15]. 
(a) 3R-polytype (R3m) 
® 
0, • • 
®-S?4 
[ 110) 
R 
0 
Cu 
(b) 2H-polytype (P63 Imme) 
e e Cu 
0 0° 
@ y 
0 
• 
0 
@ 
[11 O] 
Figure 1.2.l Delafossite Structure: Cu= A-site cation; R&Y = B-site cation in AB02 [16] 
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Delafossite oxides typically form in either rhombohedral (3R) or hexagonal (2H) polytypes. 
-
The rhombohedral polytype is described by the R 3 m trigonal space group while the 
hexagonal structure falls under the P63/mmc space group. The difference between these two 
structures lies within the orientation of the B06 octahedral layers. The hexagonal structure 
originates from A-B-A stacking with the A layers oriented 180° opposite the B layers (Figure 
l .2.3a). The rhombohedral structure shows the layers oriented in an A-B-C-A stacking 
sequence; this time the layers are oriented in the same direction, but are transposed off of the 
layer preceding it (Figure 1.2.3b ). The rhombohedral polytype is generally found in 
delafossites where Bis a rare earth element such as La, Nd, Sm, Eu, or Pr [16]. First 
principles studies have found that semiconducting delafossites such as B = (Y, Ga, and Al) 
have similar stabilities in either rhombohedral or hexagonal structures [15]. 
a: Hexagonal b: Rhom bohedral 
Figure 1.2.3: Orientation of B06 octahedral layers for delafossite polytypes [ 15] 
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1.2.3 Delafossite Crystal Chemistry 
A model for the electronic structure of delafossite was first proposed by Shannon and 
Rogers [13]. In this case, it was surmised that delafossites containing Pt or Pd should exhibit 
metallic conduction, while those containing Cu or Ag would be semiconducting [ 13]. This 
model predicts the conduction behavior of the various delafossites using the molecular 
orbitals of the oxide compound. 
The main conduction aspect is the plane of A+ cations. The interatomic distance 
between the A+ ion is so close that the crystal field causes the d orbitals to split into three 
degenerate bands. A higher energy dxz, d/ and dyz band and lower energy dxy and d/./ band 
is created, as well as a 4dz2 state oriented towards the oxygen ions [13]. These degenerate 
bands are visualized in Figure 1.2.5. In this case, the A-site 4d/ and 5s orbitals hybridize to 
form the linear 0-A-O bonding scheme. Orgel suggested that if the orbitals are degenerate, 
then there is no additional energy needed to create the hybrid orbitals, described as 11 .fi 
(4d/ + 5s) and 1/ .fi (4dz2 - 5s) [13], [17]. Using these hybrid orbitals in the model dictates 
that the stable octahedral configuration must be distorted from a perfect symmetry. From 
these wave functions, a sublattice orbital model can be constructed for the A-site ions within 
the A +B+30 2 structure. In this model, the oxygen orbitals are tetrahedrally coordinated by 
three B-site ions and one A-site ion. The bonds are assumed to be all hybrid sp3 orbitals in 
this state. The sp3 orbital of the anion has the correct symmetry to create a a bond between 
the Pz and 11 .fi ( 4d/ + 5s) A-site orbitals. 
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Because the delafossite oxide is crystalline, the interaction between these orbitals 
creates a bonding and anti bonding valence band (a and cr*, respectively). In terms of the 
oxygen sublattice, the A-site pured- bands and the 11.fi, (4dz2 - 5s) hybrid orbitals are 
nonbonding, but are instead strongly oriented to their A-site nearest neighbors. In the 
semiconducting delafossites such as A= Ag+ and Cu+, the A-site ion has a filled d10 orbital. 
The filled d1° means that the d-bands are filled. The Fermi level Ef, found in the gap between 
the filled d- bands and the empty a* conduction band insures that semiconducting or 
insulating electrical behavior should be observed along the c direction. However, metallic 
conduction along the basal plane is possible due to the preferential bonding states between 
the A-site nearest neighbors. Along the basal plane, the A-A bond distance approaches that of 
metals, and metallic bonding is likely. Table 1.2.2 shows the similarities in bond lengths for 
pure metals versus the interatomic A layers within delafossites. In delafossites which exhibit 
metallic conduction (A= Pd+ and Pt) the A ion does not have a filled d1° conduction band, 
and therefore, metallic conduction along the unfilled d-bands is expected. 
It is important to note that one cannot consider the delafossite structure from only the 
linear 0-A-O bonds. The first coordination sphere of A-site ion includes six A-site cations as 
well as the 2 linearly bonded oxygen ions. The large scale delafossite structure can viewed as 
a trigonal A-site layer sandwiched between layers of octahedrally coordinated B ions. 
z 
y 
(a) 
z 
y 
x 
15 
z 
(b) 
z 
dyz 
(e) 
Figure 1.2.4: Degenerated orbitals[18] 
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Figure 1.2.5: 0-A-O Crystal Field model 
Table 1.2.2: A-A bond lengths [11] 
A-site Metal-Metal Bond Length Delafossite 
Ion (A) 
Pt 2.77 PtCo02 
Pd 2.75 PdCo02 
PdCr02 
PdRh02 
Cu 2.56 CuCo02 
CuAl02 
CuGa02 
CuFe02 
Ag 2.89 AgCo02 
AgAI02 
AgGa02 
Agln02 
___ I _Unfilled 
lmllll• -Filled 
-- 2x0sp3 0 
a axis Bond Length 
(A) 
2.83 
2.83 
2.92 
3.02 
2.85 
2.86 
2.98 
3.04 
2.87 
2.89 
2.99 
3.28 
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1.2.4 Electrical Transport 
For AB02 delafossites where the A-site ion contains an unfilled d orbital, such as Pt, 
or Pd, it has been established that metallic conduction should be expected. In accordance 
with the hypothesis, the conductivities both parallel and perpendicular to the c axis are 
remarkably high for these oxides. However, there is still considerable anisotropy; the 
resistivity perpendicular to the c axis is up to three orders of magnitude less than along it. 
The high anisotropy is consistent with the proposed model considering the metallic bonds are 
mainly confined to the A-site sublattice. 
In semiconducting delafossites, the A-site ion has a filled d 10 configuration creating 
an electronic band gap that dictates the electrical conduction. What is interesting is that the 
large anisotropy is also present in semiconducting delafossites. In semiconductors, carrier 
activation is generally independent of direction. However the activation energy is a function 
of both carrier creation and mobility, and while it is unusual, the mobility can also be an 
activated process known as "hopping" mobility. In order to resolve the anisotropic 
conduction issues present in semiconducting delafossites, it has been suggested that electrical 
transport is due to a polaron hopping mechanism. [ 19] 
Table 1.2.3: Resistivities and Activiation Energies of Delafossites 
Oxide P Cll c) Ea (II c) p (..Le) Ea(..Lc) 
ohm-cm ohm-cm ohm-cm ohm-cm 
PtCo02 lxlO-J --- 3xl0-0 ---
PdCo02 2.lxlO-J --- 2xl0-0 ---
CuCo02 5x10' 0.7 2x10=> 0.2 
CuFe02 3x10J 0.23 5x10-• 0.05 
AgFe02 2xl01U 0.8 3xl0 1 0.7 
AgCo02 --- --- l.5xl 04 0.11 
Agin02 --- --- lxl04 0.15 
AgGa02 --- --- 5x10' 0.5 
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1.2.5 General Defect Structure 
For oxide ceramics, the presence of defects within their structure can have many 
effects on the electrical properties of electrically active materials. Chemical doping or 
otherwise altering the stoichiometry of the oxide can alter the defect structure of a 
compound. There are several defects that can be present within an oxide, the most basic 
being Schottky and Frenkel defects. Schottky and Frenkel defects are possible when the 
compound is an ionic crystal comprised of anions and cations, the most simple being an 
M+X- oxide where M+ is a metal cation and x- is an anion [20]. In these defects, the oxide 
electroneutrality is maintained. Schottky defects consist of both a cation and anion vacancy. 
Frenkel defects consist of either a cation vacancy and a cation insterstitial or an anion 
vacancy and anion interstitial (also known as an anti-Frenkel defect) .. 
A second set of defects occurs when the oxide has been doped with aliovalent 
cations or when the stoichiometry has been altered. In the case of aliovalent doping, a cation 
with a different valence is brought into the structure as either an interstitial or as a cation 
substitution [20]. By creating non-stoichiometric compounds, electroneutrality is maintained 
by the addition of electrons, holes, or ionic defects within the structure. These defects can 
also affect the band gap of a compound, thereby modifying both the electrical and optical 
properties of the oxide. 
Kroger-Vink notation is often used to describe defect chemistry reactions. In this 
case, the defect species are M for metal dopants and V for vacancies, with a subscript 
labeling the host lattice site ( o for oxygen, m for metal, i for interstitial, and s for surface) and 
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a superscript describing the relative charge of the defect species with a(') describing a 
negative, and a() describing a positive charge. For example, an oxygen vacancy would be 
denoted as: 
These defects can be illustrated by looking at the point defect structure of Cu20. In this case 
Frenkel anion disorders can be seen as the formation of interstitial oxygens from on site 
oxygen: 
Equation 1.2.1: ax + v.X ~ O" + va·· 0 l l 
Schottky disorders for Cu20 are represented as: 
Equation 1.2.2 
Typical enthalpies for the formation of these interstitial oxygens and copper vacancies are 3 .1 
eV and 1.8 eV, respectively [21]. 
When defect reactions are described, the reaction must maintain electroneutrality, that 
is the sum total of charges on both sides of the reaction must be zero. Secondly, the law of 
mass action (for a reaction such as aA + bB = cC + dD) describes the relationship between 
products and reactants via: 
Equation 1.2.3: 
[A]°[B]6 
K=---
[Ct[D]d 
where K is the equilibrium constant given for the reaction. The final condition states that the 
reaction must be chemically and structurally balanced. 
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For oxides, the oxygen partial pressure can be used to describe the equilibrium 
constant at a given temperature. Knowing the oxygen partial pressure and equilibrium 
constants of a system, the defect concentrations of a given reaction can be effectively 
determined. The interaction of oxygen on a system was given a useful graphical treatment by 
Brouwer. By graphing oxygen partial pressure versus defect concentration on a log-log plot, 
one can easily see the effect of oxygen activity on an oxide system. The Brouwer diagram 
shows three distinguishable regions: reducing, intermediate, and oxidizing. In the reducing 
region, oxygen partial pressures are low, and oxygen loss is compensated by ionic defects 
e.g. oxygen vacancies and electrons within the system; thus giving rise to n-type 
conductivity. In the oxidizing region, oxygen partial pressures are high; oxygen is 
incorporated into the structure, and is then compensated by holes, creating p-type 
conductivity. The intermediate range can create either electronic or ionic defects. 
1.2.6 Cu-Ga02 Defect Structure 
Using the Brower diagram, the effects of the addition or subtraction of oxygen within 
the delafossite structure can also be examined. In this case, the primary defects are assumed 
to be cation and anion vacancies. A Brouwer diagram for CuGa02 can be constructed using 
the following formula. 
Equation 1.2.4: 
Equation 1.2.5: [ ··]2 4 0 KRe d = Va n P 2 
Equation 1.2.6: 
Equation 1.2.7: 
[ ' ][ '" ] 4 K _ Vcu VGa P 
Ox - p02 
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Equation 1.2.8: 
Equation 1.2.9: [ I ][ I II I .. ] 2 Kint l = Vcu VGa Va 
Equation 1.2.10: nil <=:> e '+h • 
Equation 1.2.11: K1n12 = np 
In these equations, n and p represent negative and positive charges, while e and h 
represent electrons and holes, respectively. 
For reducing reactions, Equations 1.2.4 and 1.2.5 apply. Oxidizing conditions require 
the use of equations 1.2.6 and 1.2.7. Equations 1.2.8-1.2.11 are needed to describe 
intermediate conditions. These equations are made based on a number of assumptions. The 
primary intrinsic defects are given to be copper, gallium, and oxygen vacancies. While 
interstitial oxygens are possible, it is unlikely; considering that the B-site ion controls the size 
of the interstitial radius, Ga creates too small of an interstice for the oxygen to occupy. Figure 
1.2.6 shows the shape of the interstitial. While Figure 1.2. 7 gives a plot based on different B-
site ionic radii in the CuB02 delafossites. For larger B-site ions such at Y, Eu, and La, 
interstitial oxygens are possible and have been reported [22]. However, in compounds where 
Bis Ga, Sc, and Al, the interstitial site is too small and interstitial oxygens are unlikely. 
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Figure 1.2.6: Interstitial oxygen site [23] 
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Continuing with the creation of the Brouwer diagram, it is easiest to split the 
reactions into their separate sections. Once again, n and p are denoted as positive and 
negative charge, while e and h are given to be electrons and hole, K is the equilibrium 
constant. 
Reduction: 
Using the mass-action and equilibrium equations (Equations 1.2.4 & 1.2.5) the 
electroneutrality condition is given as: 
Equation 1.2.12: 
Substituting Equation 1.2.12 back into Equation 1.2.5 gives: 
Equation 1.2.13: 
Equation 1.2.14: 
By combining Equation 1.2.12 and Equation 1.2.14 gives the result: 
Equation 1.2.15: 
1 
f V • • ] = _!_ (4 K ) 0 -6 ~ 0 2 n P 2 
Using Equation 1.2.15 with Equation 1.2.8 creates: 
Equation 1.2.16: 
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Equation 1.2.17: 
Oxidization: 
Equations 1.2.6 and 1.2. 7 provide the basis for the electroneutrallity condition shown to be: 
Equation 1.2.18: [V cu']+ 3[V oa"'] = p 
Assuming a stoichiometric ratio of Cu/Ga, substitution of Equation 1.2.18 into Equation 
1.2. 7 gives: 
Equation 1.2.19: 
K = [1]' p' 
p pOz 
Which can be simplified to: 
I I 
Equation 1.2.20: p = (l6Kp)6 p02 
6 
Combining Equations 1.2.18 and 1.2.7 are done to make: 
I I 
Equation 1.2.21: [vc~] = (4Kp )6 p02 
6 
Using this equation in Equation 1.2.8 can give the final equilibrium reactions and oxygen 
vacancy concentrations for oxidizing conditions 
Equation 1.2.22: 
Equation 1.2.23: 
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Intermediate: 
Because of the small indirect band gap (0.95eV) [24] it is assumed that the electroneutrality 
reaction present under intermediate conditions is: 
Equation 1.2.24: n=p 
Using this result with Equations 1.2.5 and 1.2.9 gives: 
Equation 1.2.25: 
Finally, combining Equation 1.2.25 with Equation 1.2.9 will produce the concentration of 
oxygen vacancies under intermediate circumstances: 
Equation 1.2.26: 
1 I I _.!_ 
[v0 .. ] = KjK~2 K1 [v0~J2 p02 
2 
These Equations can be used to create the Brouwer diagram seen in Figure 1.2.8. 
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Figure 1.2.8: Brouwer diagram for undoped CuGa02 
Non-stoichiometry: 
For non-stoichiometric CuGa02 compounds, which are the focus of this study, the 
defect equilibria may be influenced by compensating vacancies. For example, in Cu-
deficient CuGa02: 
Equation 1.2.27: CuGa02 ) V,' + Gax + 31 ax + I/ V, .. Cu Ga 12 0 12 0 
the resultant oxygen vacancies will modify the oxidation reaction such that holes may be 
generated via: 
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Equation 1.2.28: 
If the oxygen sublattice is fully filled the limiting composition would be: 
Equation 1.2.29: 
Therefore, conductivity can be calculated versus the amount of Cu-deficiency, x. 
Equation 1.2.30: 
Where cr is conductivity, 3x is the number of charges per unit cell (there are 3 
CuGa02 molecules in one unit cell), V is the unit cell volume (131 x 10-
24 cm3, from XRD), q 
is the hole charge (1.602 x 10-19C), andµ is the mobility of CuGa02 (0.039 cm
2Ns)[8] and 
can be seen graphed in Figure 1.2.9. 
It can be seen by this graph that CuGa02 conductivity should be noticeably 
increased as Cu deficiency increases. Using this same hypothesis, Cu-excess delafossites 
should fill in any residual holes within the structure, giving rise to a decrease in conductivity. 
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Figure 1.2.9: Theoretically calculated conductivity versus Cu deficiency 
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1.3 Delafossite Synthesis 
Synthesis of noble metals is difficult due to the low free energies of formation for the 
noble metals, for example: PdO = -14 kcal/mol, PtO = -17 kcal/mol, and 
Ag20 = -2.6 kcal/mol. These low free energies lead to low decomposition temperatures of 
800, 650, and 300°C for PdO, Pt02, and Ag20, respectively [19]. However, the synthesis of 
ternary oxides containing noble metals can be successfully done in some cases using closed 
systems. Shannon et al. were able to successfully produce delafossites using hydrothermal, 
metathetical, solid-state, and oxidizing flux reactions [19]. 
Hydrothermal reactions involve the presence of an aqueous solution such HCl 
accompanying the binary oxides; this charge is placed into a Pt or Au tube which placed 
under pressures of 3000 atms, fired at 500 - 700°C for 24hrs, and rapidly cooled [19]. 
Metathetical reactions take place as an anion exchange process. In this case a noble metal 
halide salt and a B-site oxide are reacted at low temperatures under low pressures. Under 
these conditions, the products tended to be multi-phased which required purification by 
leeching the unwanted phase using the appropriate solvent [19]. Oxidizing-flux reactions 
require the use of a low-melting flux which helps facilitate a cation exchange reaction. In this 
case, samples were fired at extremely low temperatures (,...., 3 50 °C) for extended periods of 
time (4 days) in the presence of a flux such as KN03, however this process also created multi-
phase powders which needed to be leeched using a solvent such as NH40H [19]. Oxidizing 
flux reactions have also been successfully used to create Agin02 delafossites [25]. The most 
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traditional method employed in creating delafossite compounds is the solid-state reaction. In 
this case, two compounds such as binary oxides are heated in order to react to form a new 
compound. It was found that Cu-based delafossites could be synthesized using solid-state 
reactions at ambient pressures. Under normal atmospheres, other delafossites could not be 
synthesized because the temperatures required for effective solid-state diffusion was 
precluded by their decomposition temperatures. With sufficient pressure applied to the 
samples, any of the delafossites could be prepared using solid-state synthesis [ 19]. 
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1.4 Cu-Ga02 Thermodynamics 
Using guidelines established in the work by Gall [26], Cu1_xGa02 has been 
synthesized by solid-state synthesis under precise p02 concentrations. This work was 
originally based on studies of the phase equilbria within the CuO + Cu20 + ~ Ga20 3 system. 
Jacob and Alcock experimentally established a phase equilibrium line for the CuGa02 
(delafossite) and CuGa204 (spinel) + CuO (tenorite), the reaction and calculated free energy 
equation is given below [27]. 
Equation 1.4.1: 4CuGa02 ~ 2CuGa2 0 4 + 2Cu0 
Equation 1.4.2: D.G0 = RTln(p02 ) = -198.63 + O. l2598T[kJ I mol] 
A Richardson diagram created by this work can be seen in figure 1.4.1. In this system, only 
the upper boundary for CuGa02 was established [27]. In the work performed by Gall, the 
lower stability line was experimentally established as: 
Equation 1.4.3: 4Cu(s) + 0 2(g) + 2Gap3(s) ~ 4CuGa02(s) 
Equation 1.4.4: D.G0 =RT ln(p02 ) = -217 + 0.0757 T[kJ I mol] (Estimated) 
These equations were also used to create an experimental temperature versus log p02 
diagram seen in Figure 1.4.2. In these studies, Gall established a lower CuGa02 boundary 
that could be added to Jacob and Alcock's previously unfinished Richardson diagram. This 
study thereby described the phase stability regions for Cu+Ga203, CuGa02, and 
CuGa204+Cu20. 
32 
50 
0 
-50 
-100 
-150 --- -- -+ -4 
-200 
-250 
-300 
-350 
-400 .___.___.____.____.___.____.____.____.____.____.____.____.____.____.____.____.____.____.____._--'-' 
-200 0 200 400 600 800 1000 1200 1400 1600 
Temperature ( C) 
Upper Bound: CuGa0
2 
+ 0
2
(g) --> 2CuGa
2 
o, (s) + 2CuO(s) 
b..G 0= -198.63 + 0.12598*(T + 273) (kJ) 
Lower Bound: 4Cu(s) + 0
2
(g) + Ga
2
0
3
(s)--> 4CuGa0
2
(s) 
b..G0= -217 + 0.0757*(T +273) (kJ) (Estimated) 
Figure 1.4.1: Richardson Diagram [8, 27], dashed lines represent p02 
1150 
1050 
-0 
Q- 1000 
~ .... ::s 
i ii 950 
c. 
E 
~ 
I- 900 
850 
33 
• Synthesis Point 
800.__.___...._,_,,.~~~~--'-~ ......... _._~~___.....&....L..L.u.L......_"'--L-.a...u.&~ 
1E-6 1E-5 1 E-4 1 E-3 0.01 0.1 
log(p0
2
) 
Upper Bound: 4Cu(s) + 0
2
(g) + Ga
2
0
3
(s)-> 4CuGa0
2
(s) 
Lower Bound: CuGa0
2 
+ 0
4
(g)--> 2CuGa
2
0/s) + 2CuO(s) 
Figure 1.4.2 Temperature vs. Log p02 diagram CuGa02 system [8] 
34 
1.5 Oxygen Annealing 
Oxygen intercalation studies have been performed on a number of Cu-delafossite 
compounds. Most notably, CuY02+x and CuLa02+x have been successfully created using 
stoichiometric CuY02 and CuLa02 which are then annealed in oxygen at 550°C and 475°C, 
respectively. In these cases, the resistivity of the compounds decreased as more oxygen was 
intercalated into the system (Figure 1.5 .1 ), the conclusion of this study was that the valancy 
of Cu shifted from Cu1+ to Cu2+, giving rise to decreased resistivity[28]. PrCu02+x, 
NdCu02+x, SmCu02+x, and EuCu02+x have also been created yielding similar results owing 
to the increase in mobility carriers due to oxygen loading [ 16]. Oxygen intercalation has also 
been achieved using thin film sputtering techniques for CuSc1_xMgx02+y and CuAlxOy. In the 
case of CuSc 1-xMgx02+y, compounds of varying oxygen intercalation were examined by 
annealing thin films in increasing oxygen partial pressures. The results of this study indicate 
that as oxygen is added to the system, hole concentrations are increased, thereby increasing 
the conductivity of the compound. However, this increase in conductivity is accompanied 
with a decrease in optical transmission (Figure 1.5.2). The decrease the transparency of these 
Cu-based delafossites can be attributed to the change in the Cu oxidation state as noted 
above. In the cases of CuY02+x and CuLa02+xas the Cu goes from Cul+ to Cu
2+, the 
photoabsorption transition goes from 2p63d10 ~ 2p53d10s1 to 2p63d9 ~ 2p53d10[28]. As this 
transition changes, it goes from a d-s orbital interaction to a d-d orbital interaction, which 
occurs within the visible spectrum range, thus causing coloration and decreasing 
transparency[9]. 
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The most interesting of the oxygen intercalation studies involves the addition of 
oxygen into CuAl02 by hydrothermal synthesis [23]. While that interstitial site for the larger 
B-site delafossites as is shown in Figure 1.2. 7 should be easily able to incorporate the 
addition of oxygen, CuAl02 appears to have an interstitial site much too small to allow the 
addition of oxygen into the structure. The addition of interstitial oxygens into a small B-site 
delafossite such as CuAl02 may be through an acceptor defect associate ((Alcu .. 20/')"). If it 
is indeed possible to create oxygen rich CuAl02, it may also be possible to also create 
oxygen intercalated CuGa02. 
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1.6 Overview of Impedance Spectroscopy 
Impedance spectroscopy was used to determine the electrical properties of the 
ceramics in the work. The overall impedance response of material is in fact the combination 
of several different components and processes that are active within the frequency range of 
the experiment. In the case of semiconducting ceramics, the electrical properties are 
generally the result of intragrain, intergrain, and electrode interface processes [29]. 
Polarization phenomena within these materials can take on several mechanisms, such as 
charge displacement, dipole reorientation, and space charge formation. These mechanisms 
can be directly related to different structural aspect within the material. Using an ac field, the 
real (Z') and imaginary (Z") impedances can be examined as a function of frequency (f). 
Different polarization mechanisms have different dielectric relaxations. Because of this 
effect, the contributions due to the grain, grain boundaries, and electrode interfaces can be 
differentiated and quantified [30]. 
The overall impedance (Z*) can be described as a complex number consisting of both 
the real and imaginary impedance, admittance (Y* = (Z*r1), or as a function of angular 
frequency ( ro = 2nf), Resistance (R), and Capacitance (C). 
Equation 1.5.1: Z* = Z'-JZ"= R 
1 + jmRC 
[29] 
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The most straightforward way to examine impedance spectra is to plot Z' versus Z'', 
known as a Nyquist plot. Assuming the relaxation constants for each transport phenomena 
are far enough apart, this will result in a series of semi-circles which represent the electrical 
transport processes for a given ceramic. If the relaxation constants are close enough together, 
the semi-circles will convolute to create an oval-like graph. Of these semi-circles, the highest 
frequency arc represents the bulk contribution, followed by the grain boundary effects at 
intermediate frequencies, and ending with electrode contributions at the lowest frequencies. 
This trend comes from the fact that the bulk processes tend to have higher relaxation 
frequencies than that of the grain boundary processes, and that electrode effects tend to have 
the lowest relaxation frequencies [29]. Once each of these processes have been established, it 
is possible to represent them as an equivalent circuit. In this idea, each process can be 
represented by a parallel RC circuit, which is connected in series to the other processes. From 
here, the individual resistances and capacitances can be identified. A semi-circle curve fit can 
be applied to each process, with the difference between the arc intercepts with the Z' axis 
representing the resistance. The capacitance is determined using the equation RC= 't =co-1 at 
the highest point in the arc [29]. An example of a Nyquist plot with its corresponding 
equivalent circuit can be seen in Figure 1.6.1 
x 
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Figure 1.6.1: Theoretic Nyguist plot: real (R) versus imaginary (X) impedance with 
corresponding equivalent circuit [31] 
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CHAPTER 2. EXPERIMENTAL PROCEDURE 
2.1 Material Preparation 
The solid state reaction process for the creation of Cui-xGa02 is given as: 
Equation 2.1.1: 
This reaction was performed by first preparing the calculated stoichiometric mixtures of 
Cu20 (Alfa-Aesar, 99%) and Ga203 (All-Chemie LTD., 99.999%). The powders were then 
mixed together by placing them into a Nalgene bottle filled with Zr02 milling media and 
ethanol which was vibratory milled using a Sweco mill for 6 hours. The slurry was then 
placed in a drying oven at 60° C and allowed to dry over night. The resulting powder was 
fired in 5g and lOg batches for 12 hours at 1100° C, after which the powders were quenched 
using a magnetic assembly that allowed the samples to cool rapidly to room temperature 
while maintaining a controlled p02. The samples were fired in a sealed Carbolite tube 
furnace under a specified 0 2/N2 mixture (Linweld) of p02 = 1 x 10-3 atm; this gas was set to a 
flow rate of 200cc/min using a manual flow controller, with the p02 levels verified by an 02 
sensor (Australian Oxytrol Systems) within the tube furnace. 
Once the powders were calcined using this method, they were either kept as powders 
for XRD analysis or further processed to create sintered pellets. The sintered pellets were 
created by first milling the powders using the above method. A small particle size was 
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ensured by passing the powder through a 250 mesh (60 µm) sieve. Approximately 5 wt% of 
PV A and acetone based binder was mixed into the powders using a mortar and pestle. The 
powder was again allowed to dry before being pressed into pellets using 0.7 g of powder in a 
0.25 in die. These pellets were pressed at 6300 kg/cm2 for 3 minutes. Once pressed, the 
pellets were held at 600° C for 6 hours to allow for binder bum-out and then raised to 1100° 
C for 24 hours before being quenched. The atmosphere conditions were carried out using the 
same atmospheric and flow conditions described above (p02=1 x 10-
3 atm, 200cc/min). Once 
these pellets were created, density calculations were performed using Archimedes's method. 
In this case, the samples were weighed in a dry weight and then submerged in water and 
weighed. The difference between the dry mass and the submerged mass is equal to the 
amount of water displaced. Knowing the density of the water (0.998 g/cm3 at 23 °C), the 
volume of the sample can be ascertained. Given mass and volume, density is simply 
mass/volume. Fully dense CuGa02 has been calculated to be 6.25 g/cm
3 from the unit cell 
parameters found by x-ray diffraction. The pellets were found to be approximately 60-70% 
dense compared to fully dense CuGa02• 
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2.2 Material Characterization 
2. 2.1 X-ray Diffraction and Scanning Electron Microscopy/Energy Dispersive 
Spectroscopy 
Once the delafossite powder had been synthesized, x-ray diffraction was used to 
ensure phase purity and determine the lattice parameters within of the material's structure. 
This technique was preformed at the Materials Analysis and Research Laboratory at Iowa 
State University. A Cu-Ka (A.= 1.54187) radiation source was used to obtain the pattern. The 
x-ray data were found over a 29 = 14.5-66°, using a step size of 0.025°, and a count time of 
2°/min. 
After the x-ray pattern had been collected, its phase purity was examined using Jade 
6.5 software. A Cohen's least squares determination was performed to determine the lattice 
constants of each sample. While CuGa02 creates a (3R) rhombohedral polytype, it is 
generally accepted to describe this structure in terms of a larger hexagonal crystal. This can 
be explained as the rhombohedral cell is a sub-set of the hexagonal/trigonal crystal system. In 
this special case, two additional lattice points are located at 1/3, 2/3, 2/3 and 2/3, 1/3, 1/3 
[32]. Although this lattice can be described as primitive rhombohedral, the mathematics to 
describe this cell are much simpler if it considered to be an equally valid hexagonal crystal. 
The hexagonal structure simply contains three primitive rhombohedral cells. The hexagonal 
crystal system can be described by Equation 2.2.1, and the expected Bragg peaks can be 
calculated using Equation 2.2.2. 
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Equation 2.2.1: 1 4 h
2 + hk + !2 !2 
-=-x +-
d2 3 a2 c2 
[32] 
Equation 2.2.2: 
[ 
-1 x h
2 
+ hk + t2 +-1 x-/
2 J 2Bhkt = 2arcsin A. 
3 a2 4 c2 
[32] 
Figure 2.2.1: Rhomhobedral Primitive Cell (left) versus hexagonal unit cell [32]. 
Once the compounds had been analyzed using XRD, scanning electron microscopy 
(SEM) was employed to ensure a further degree of accuracy. SEM backscatter images as 
well as electron dot maps were be used to make further analysis of the samples and to 
examine if there was any phase separation at high magnifications. 
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2.2.2 Impedance Spectroscopy Measurements 
Impedance spectroscopy measurements were made using uniform pellets 1 l .3mm in 
diameter and 1.0 mm thick. The samples were painted with silver based electrode and baked 
at 400 °C for 20 minutes. The pellets' impedance spectra were then examined using a 
Hewlett-Packard 4194A impedance analyzer. The spectra were taken using an averaging 
count of four, and a medium integration time from 1 OOHz to 1 MHz over a logarithmic scale. 
Using ZView 2.6 an appropriate equivalent circuit was created and then modeled for each 
sample. 
2. 2. 4 Other Electrical Measurements and Thermogravimetic Analysis 
Room temperature conductivity measurements were also made using a Keithley 237 
high voltage source/measurement unit. The sintered discs were electroded in the same 
method described in 2.2.2 and were then attached using an Alliant test fixture. A range of 
voltages were swept across the sample while the current was measured. A de voltage-current 
graph was then plotted with the slope of the graph indicating the resistance of the material. 
This measurement was done to verify the electrode interface made an Ohmic contact with the 
surface. An Ohmic contact can be assumed if the volt-current graph presents a linear plot. If 
the plot is not linear, the electrode can not be considered to be Ohmic and is therefore not 
usable. The activation energy of the samples was determined using a two-point conductivity 
test fixture placed inside a Delta environmental chamber. The resistance of the sample was 
measured from 150°C to -50°C, the resistivity was then determined geometrically. An 
Arrhenius plot of log( cr) versus l/T was then used to find the activation energy. 
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For the oxygen intercalation study, an in-situ resistivity versus time measurement was 
employed using a NORECS high temperature conductivity cell which was fit into a Carbolite 
tube furnace. The cell was attached to the Keithley 237 source/measurement where a constant 
voltage was applied. Current readings were taken at timed intervals, from which the 
geometrically determined resistivity versus time plots were created. 
In the oxygen intercalation study, TGA measurements were also taken. Once the 
samples had been annealed, they were ground into powder and examined using a Pyris TGA 
device. The samples were studied using a 5%H2/95%N2 atmosphere to act as an effective 
oxygen getter, and were examined from room temperature to 700° Cat a heating rate of 10° 
C/min. 
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ABSTRACT 
Non-stoichiometric CuxGa02 polycrystalline ceramics were prepared using 
solid-state synthesis methods and their structural and electrical properties were 
characterized as a function of x. While single phase delafossite could only be 
confirmed for the stoichiometric composition, x-ray diffraction results show that the a 
and c lattice parameters were stable from Cuo.9sGa02 to Cui.02Ga02. Below x = 0.97, 
the structure underwent a 0.4% decrease in cell volume. For compositions rich in Cu, 
the a parameter remained constant while the c parameter shrank at a constant rate. 
Despite these changes in cell dimensions, the results of current-voltage and 
impedance spectroscopy measurements indicate that both the conductivity and the 
activation energy do not vary with x. The absence of a change in electrical properties 
as well as the formation of secondary phases in non-stoichiometric compositions 
suggests that CuGa02 does not allow significant deviations from the ideal CuGa02 
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stoichiometry. This implies that the p-type conductivity is fixed by a defect species 
that does not vary with the Cu stoichiometry. 
INTRODUCTION 
Delafossite ceramics have garnered considerable interest in the field of transparent 
conducting oxides (TCO's) since it was shown that they can exhibit p-type electrical 
conduction while retaining optical transparency. With the advent of p-type TCOs[l ], the 
possibility of a transparent pn-junction, and thus transparent ceramic electrical devices has 
become a reality [2, 3]. The current industry standard for n-type TCOs is tin-doped indium 
oxide (ITO). Typically, ITO has a conductivity of at least 1000 Siem while transparent 
delafossites have achieved p-type conductivities of only 220 Siem with Mg-doped 
CuCr02[4]. Clearly, the conductivity values for p-type delafossites must be improved if they 
are to have any commercial viability. In order to further improve the electrical 
characteristics of CuGa02, a better understanding of the conduction mechanisms is required. 
This work attempts to further this task by examining the defect chemistry of CuGa02 as it 
relates to the structural and electrical properties by creating and characterizing non-
stoichiometric compounds based on CuxGa02. 
The delafossite structure has the chemical formula of AB02, where the nominal 
oxidation states for each ion are A1+, B3+, and 0 2-. It can form either hexagonal 2H 
-
(P631mmc) or rhombohedral 3R (R 3 m) structures, however the majority of delafossites 
(including CuGa02) exhibit the 3R structure (Figure 1 ). The delafossite structure has the 
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coordination scheme A11B vioiv 2, with sheets of edge shared B06 octahedra separated by 
triangular layers of A-ions. The B3+ atom is a four-fold coordinated ion and the A+ ions form 
linear 0-A-O units oriented parallel to the c axis [5]. It should be noted that the B06 units 
are not perfect octahedra; rather they are slightly flattened along the c axis. This distortion is 
likely due to the electrostatic repulsion of the neighboring B3+ ions. [ 6] A summary of Cu-
based delafossites and their respective conductivities can be seen in Table I. 
There has been limited success in using cation doping and oxygen intercalation to 
improve the conductivity of delafossites [3,4,7-11]. Typically, doping to increase the 
conductivity does so at the expense of transparency. For example, CuGa02 thin films have 
been doped with Fe to increase conductivity from 0.02 Siem to 1 Siem, however optical 
transparency decreased from 70-85% to 50-70% [ 4]. 
The defect structure plays a considerable role in determining the conductivity of 
delafossites. For most p-type delafossite compounds, the p-type conductivity arises in the 
absence of intentional doping. Drawing upon the known defect chemistry of Cu20 [7] it has 
been theorized that a combination of ionized copper vacancies (V cu') and interstitial oxygens 
(Oi") are the primary defects responsible for p-type conductivity in delafossites such as 
CuA102 and CuGa02 [8-10]. Evidence for this has been found in the demonstration that 
oxygen intercalation of CuSc02 and CuAl02-x was shown to improve conductivity at the 
expense of transparency [ 4], [ 11]. 
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Aliovalent doping of CuGa02 has been largely unsuccessful at either increasing the 
conductivity or inducing n-type conductivity. Acceptor doping with Ni2+ or Mg2+ did not 
result in a significant increase in conductivity, and donor doping with Sn4+ resulted in a 
dramatic decrease in conductivity along with the formation of compensating ionic defects in 
the form of Cu-vacancies [12]. Therefore, the focus of this work is to examine the limits of 
non-stoichiometry in CuGa02 and relate the role of Cu-vacancies to the electrical 
conductivity through CuxGa02 with a varying concentration of Cu. 
EXPERIMENT AL 
Sintered disks of CuGa02 were prepared using solid state synthesis. The desired 
compositions were batched from Cu20 (99.9%, Alfa-Aesar) and Ga203 (99.999%, All-
Chemie ). The batched compositions were milled in ethanol for 4 hrs using zirconia media in 
a vibratory mill to ensure a homogeneous mixture. The powders were dried and calcined at 
1100°C for 12 hours in a sealed tube furnace with a flowing N2/02 gas mixture of 0.1 % 02. 
The calcined powders were quenched from 1100°C by using a magnetic pull-rod to rapidly 
cool the powders to room temperature while maintaining atmospheric integrity. The powders 
were then sieved through a 60 µm mesh, and a small amount of polyvinyl acetate (PVA) 
binder was added. Pellets with a diameter of 12.5 mm were uniaxially pressed. The 
resulting pellets were fired at 1100°C for 24 hours under the conditions (0.1 %02), with the 
addition of a binder burnout step consisting of 6 hours at 600°C. The pellets were once again 
quenched by rapidly removing them from the hot zone of the furnace. 
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Once the pellets had been fired, each pellet was then ground to a uniform thickness 
of 1.0 mm and x-ray diffraction (XRD) was employed to analyze the crystal structure. 
Density measurements were performed on the sintered pellets via Archimedes method. A 
silver-based electrode paste (Ferro C 1000) was painted onto both sides of the pellet and fired 
at 400°C for 10 minutes under the same atmosphere as the sintering conditions. Room 
temperature ac impedance spectroscopy measurements were made using an HP 4 l 94A 
impedance/gain-phase analyzer, de current-voltage curves were measured using a Keithley 
23 7 source-measure unit, and resistance versus temperature plots were made using a Delta 
9023 environmental chamber. All of the electrical measurements were computer controlled 
using Labview software. A Siemens D500 diffractometer with a Cu-Ka radiation source was 
used, and the patterns were analyzed using Jade 6.5 and Unitcell software. 
RESULTS 
Structural Characterization: 
XRD analysis was performed on CuxGa02 compositions with x ranging from 0.95 to 
1.05 (Figs. 2 and 3). Previous authors have shown that a considerable amount of non-
stoichiometry can exist on the anion site in some delafossites, e.g. CuSc02+o [4]. The oxygen 
content of the specimens in this work was not determined, however for the purposes of this 
article the batch compositions will be identified simply by the formula unit CuxGa02. 
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For both Cu-deficient and Cu-excess compositions, the 3R delafossite phase was the 
dominant phase. The secondary phases Cu20 and Ga20 3 were also identified in some 
compositions. There were no peaks corresponding to the CuGa20 4 spinel phase or Cu metal. 
This suggests that the temperature, oxygen partial pressure, and quench conditions were 
appropriately targeted for the CuGa02 phase field. 
For the stoichiometric composition, single phase delafossite was observed. For the 
Cu-deficient compositions, delafossite was still shown to be the dominant phase but small 
amounts of Ga203 were observed. The mole fraction of the Ga20 3 phase increased with 
decreasing x. The diffraction patterns from compositions with excess Cu displayed only 
delafossite peaks up to x = 1.05, with the exception of the x = 1.02 composition which 
showed trace amounts of Ga203. The presence of Cu20 could not be confirmed in any of the 
Cu-excess compositions because the primary peak for Cu20 is overshadowed by the (012) 
delafossite peak. It should also be noted that there were no trends identified in the width of 
the (012) delafossite peak as a function of x. 
The delafossite unit cell dimensions were calculated with a least mean squares 
determination with the results presented in (Figs. 4-6). While the CuGa02 phase is 
rhombohedral, the lattice parameter data are presented using the equivalent hexagonal unit 
cell. These figures show a marked stability in the unit cell dimensions over the 
compositional range 0.99 :S x :S 1.02. Within the Cu-deficient compositions, the a and c 
parameter and cell volume all exhibited a marked decrease at x :S 0.98. This coincides with 
the formation of Ga20 3 in the XRD data. Since the a-parameter corresponds most closely to 
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the geometry of the B06 octahedral layer, the observed decrease in a may be due to a 
rearrangement in the B-site occupancy. Additionally, since the c-axis parameter is strongly 
associated with the 0-A-O bonding in the A-site layer, it is likely that the observed decrease 
inc is related to an increase in vacancies on the A-site. 
For Cu-excess compositions, the a-lattice parameter remained relatively constant up 
to and including the x = 1.05 composition. The c parameter decreased to a minimum at x = 
1.05. These data suggest that the composition of the B-site remained constant up to x = 1.05. 
However, it is not certain why the c parameter decreases with increasing x. 
For most compositions, the diffraction peaks for Cu20 were difficult to identify 
because of a strong overlap with the delafossite peaks. Therefore, scanning electron 
microscopy (SEM) with energy dispersive spectroscopy (EDS) was employed to verify the 
existence of the secondary phases. The results from the EDS study are presented in Table II. 
No secondary phases could be identified for compositions between x = 0.98 and x = 1.02. 
Beyond those limits, Ga-rich and/or Cu-rich oxide phases were observed. Quantitative 
stoichiometric EDS measurements were not carried out, but it is most likely that the 
secondary phases observed in the SEM correspond to the Cu20 and Ga20 3 phases identified 
in the XRD data. 
A micrograph showing the typical microstructure of the sintered CuGa02 pellets is 
shown in Fig. 7. The sample was etched using a lM H2S04 solution for 1.5 minutes. As 
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illustrated in the figure the densities of each pellet ranged from 60-70% of theoretical 
density. A rough analysis indicated that the grain size was approximately 1 µm, with larger 
conglomerations forming to the size of 5-10 µm. 
Electrical Measurements: 
A number of electrode materials were investigated in this study. Fired Ag-electrodes 
proved to be the best, with a negligible bias-dependence to the electrical properties and a low 
contact resistance. The electrical measurements taken with Ag-electrodes showed consistent 
resistance values from both ac impedance spectroscopy and de current-voltage 
measurements. 
The results of de current-voltage measurements are shown in Table III. While there 
is some variation in conductivity, the conductivities for all compositions are close to 0.01 
Siem. These values are in close agreement with the other reported conductivities of CuGa02 
which range from 0.005 to 0.063 Siem [ 4, 8, 13] 
Impedance spectroscopy measurements were used to examine the discrete 
contributions to the impedance of each compound. Nyquist plots we created by analyzing 
the real (Z') and imaginary (Z' ') impedance of each sample from 100 Hz to 5 MHz. The 
data can be fit to a relatively simple equivalent circuit (Figure 8), and used to extrapolate a 
full model (Figure 9). This equivalent circuit is commonly used to describe impedance 
elements arising from grain, grain boundary, and interfacial components. Because of the 
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time constants associated with each element, typically the grain resistance is given by Rl, the 
grain boundary resistance is given as R2, and the interfacial resistance is given by R3. Table 
IV gives a summary of the results for the compositions in this study. In each of these cases, 
Rl provided the largest contribution to the overall resistance of the sample. This was closely 
followed by R2, which provided a lesser but still considerable contribution to the resistance. 
The R3 resistance of each sample contributed a relatively minor fraction of less than 10% of 
the total resistance. It is important to note that grain size effects can be neglected because 
SEM observations indicated that the grain size remained relatively constant across all 
compositions. The most important conclusion that can be drawn from the data is that all of 
the compositions in this study exhibited a similar impedance spectra. In combination with 
the de electrical data, this suggests that the electrical conductivity was remarkably invariant 
to composition. 
The temperature dependence on conductivity was also explored. By examining the 
change in conductivity from 150°C to -50°C, one can see an approximately linear relationship 
when plotting log cr versus reciprocal temperature for each of the compounds (Figure 10). 
The activation energy (Ea) of each compound can also be obtained using the Arrhenius 
equation: 
-E 
Ina= Ina +--A 0 
k T B 
(1) 
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The activation energies of each compound can be found in Table V. The activation 
energies ranged from 0.18 - 0.22 eV with no discemable trend. 
DISCUSSION 
The combination of XRD and SEM/EDS data suggests that the solid state synthesized 
CuGa02 delafossite ceramics tolerates very little variation in the Cu non-stoichiometry in 
CuxGa02. The data illustrate that there exists a compositional range between approximately 
Cu0.99Ga02 to Cui.02Ga02 where the unit cell dimensions remain constant. The implication is 
that the composition of the delafossite phase over the range 0.99 ~ x ~ 1.02 does not change, 
and the mole fractions of Cu- or Ga-oxides required for mass balance appear in the form of a 
secondary phase. A marked change in the unit cell dimensions occurs at x = 0.97, where the 
cell volume decreases by approximately 0.4 %. The Cu-excess compositions exhibited a 
smooth decrease in volume down to the x = 1.05 composition. 
The electrical transport properties of the compounds did not exhibit a dependence on 
x. While most of the compositions in this study are not single phase, it is expected that the 
electrical properties would be dominated by the large mole fraction of the delafossite phase. 
Both secondary phases, Ga203 and Cu20, appear in small amounts and are both relatively 
insulating compared to CuGa02. The compositional invariance seen in the electrical data 
also supports the conclusion that the delafossite phase has no tolerance for Cu non-
stoichiometry. The close correspondence between the activation energies across a wide 
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range in x provides further support for this conclusion. It is interesting to note that even at x 
= 0.97 where the cell parameters exhibit a significant shift, the electrical properties of the 
material remain constant. 
These results are relevant to conduction mechanisms which are responsible for the 
observed p-type behavior in most Cu delafossites. Previous workers have suggested V cu', 
Oi", and (Alcu
00
20i'')" as the primary defect species for p-type CuAI02 which is the most 
well-characterized delafossite material. In this study, it is clearly apparent that it is not 
possible to introduce significant variations in the stoichiometry of the structure through high 
temperature solid state synthesis techniques. It is possible that Cu-vacancies can be 
stabilized in thin film samples prepared through non-equilibrium processes. It is not clear 
whether or not interstitial oxygens can be responsible for the observed results. The oxygen 
content of the samples in this study was not measured, however all of the samples were 
prepared under identical conditions (p02, T). It has been proposed by Ingram et al. that the 
most energetically favorable site for the interstitial oxygen is within the 2-dimensional A-
layer in the basal plane. However the a parameter dimension in CuGa02 does not provide a 
large enough interstitial site (1.12 A) to accommodate a 3-fold coordinated interstitial oxygen 
(1.22 A), making interstitial oxygens an unlikely candidate as the dominant defect within 
CuGa02. 
In CuAI 0 2, it has been demonstrated that the Cu/ Al stoichiometry has a significant 
effect on the conductivity. The model of Ingram et al. for CuAI02 proposes that an intrinsic 
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acceptor defect associate ((Alcu
00
20i")") determines the hole concentration. The 
concentration of this defect associate appears to be dependent on the Cu/ Al stoichiometry in 
CuAl02. Considering the feasibility of this defect existing in CuGa02, the a lattice 
parameter which determines the interatomic spacing in the basal plane is 4.2 % larger than 
CuA102. However, the ionic radius of Ga
3+ in a tetrahedral coordination is 15.1 % larger 
than AJ3+. Therefore, this defect species may be less energetically favorable in CuGa02 than 
in CuAl02. In the solid state synthesized specimens in this work, it was not possible to 
modify the Cu/Ga non-stoichiometry. If the hole concentration depended on the 
concentration of this defect complex, since the conductivity of CuxGa02 was observed to be 
independent of x it is likely that the defect concentration was also independent of x. 
CONCLUSIONS 
Non-stoichiometric compounds of CuxGa02 ranging from Cuo.9sGa02 to Cu1.05Ga02 
were prepared using high temperature solid-state synthesis. From XRD, SEM/EDS, and 
electrical measurements it was observed that the CuGa02 structure does not allow significant 
deviations in the Cu-stoichiometry. XRD refinement shows the lattice parameters remains 
invariant from Cuo_99Ga02 to Cu1.02Ga02. At x = 0.97 there is a contraction in both the a 
and c parameters. The Cu-excess compositions exhibited a decrease in the c parameter with 
x, while the a parameter remained constant. 
de conductivity, ac impedance, and conductivity versus temperature measurements 
showed that the conductivity remained constant across the entire compositional range. The 
magnitude of the conductivity was approximately 0.01 Siem and the activation energies 
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ranged from 0.18-0.22eV. Impedance spectra from each composition could be fit to a single 
equivalent circuit and the magnitude of the resistance and capacitance of the circuit elements 
did not vary with x. All of the above results suggest that primary defect species responsible 
for the p-type conductivity in CuGa02 could not be manipulated by varying the Cu/Ga ratio 
in solid state synthesized ceramics. 
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Table I: Conductivities and activation energy of a selection of Cu-delafossites. 
Material Reference ('J' Ea Type 
(Siem) (eV) 
CuAlxOv [14] 200 - Film 
CuAl02 [9] 0.3 0.2 Film 
CuAl02 [15] 17 0.19 Bulk 
CuCr02 [16] 100 0.36 Bulk 
CuCr02:Mg [4] 220 0.02 Film 
CuEu02.6s [17] 0.065 0.24 Bulk 
CuFe02 [18] 1.5 0.17 Bulk 
CuFe02:Mg [18] 9.0 0.11 Bulk 
CuFe02:Sn [18] 0.32 0.10 Bulk 
CuGa02 [4] 0.02 0.1 Film 
Cu(Gao.sFeo.s)02 [4] 1 0.1 Film 
CuGa02:Ca [19] 55 0.24 Bulk 
Culn02:Ca [3] 0.0028 0.19 Film 
Culn02:Sn [3] 0.0038 0.077 Film 
CuLa02.64 [17] 0.012 0.24 Bulk 
CuNh;3Sn11302 [4] 0.05 0.7 Film 
CuNd02.62 [17] 2.0 0.24 Bulk 
CuPr02.62 [17] 0.13 0.24 Bulk 
CuSc02+x:Mg [4] 30 0.095 Film 
CuSc202:K [20] 0.048 0.1 Film 
CuSm02.6J [17] 0.22 0.24 Bulk 
Cu Y02.41:Ca [17] 0.0078 0.24 Bulk 
CuY02 [21] 0.000001 - Bulk 
CuY02.s8 [17] 0.00085 0.24 Bulk 
CuY02:Ca [21] 0.0022 0.21 Bulk 
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Table II: Phases determined through EDS analysis. 
Compound Phases 
Cuo.96Ga02 Single Phase +GaxOv 
Cuo.97Ga02 Single Phase + GaxOv 
Cuo.9sGa02 Single Phase 
Cuo.99Ga02 Single Phase 
CuGa02 Single Phase 
Cui.01Ga02 Single Phase 
Cu1.02Ga02 Single Phase + CuxOx and GaxOv 
Cui.osGa02 Single Phase + CuxOx and GaxOv 
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Table III: DC conductivities for CuxGa02 compounds 
Compound DC <r (Siem) 
Cuo.96Ga02 0.014 
Cuo.91Ga02 0.0069 
Cuo.9sGa02 0.0071 
Cuo.99Ga02 0.016 
CuGa02 0.011 
Cu1.01Ga02 0.014 
Cui.02Ga02 0.0057 
Cu1 .osGa02 0.016 
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Table IV: Fitting parameters derived from impedance spectra for CuxGa02 ceramics using 
the equivalent circuit shown in Fig. 8. 
Compound Rl (!!) R2 (!!) R3 (!!) 
Cuo.96Ga02 4.63 1.39 0.42 
Cuo.97Ga02 4.85 1.64 0.12 
Cuo.9gGa02 7.99 3.27 0.22 
Cuo.99Ga02 3.54 1.06 0.14 
CuGa02 6.00 2.38 0.27 
Cu1.01Ga02 3.27 2.45 0.58 
Cui.02Ga02 9.45 2.63 0.37 
Cu1.osGa02 4.81 1.33 0.24 
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Table V: Activation energies for CuxGa02 compounds in this study 
Compound Ea (eV) 
Cuo.96Ga02 0.20 
Cuo.97Ga02 0.22 
Cuo.9sGa02 0.21 
Cuo.99Ga02 0.20 
CuGa02 0.21 
Cu1 .01Ga02 0.18 
Cui.02Ga02 0.21 
Cu1.osGa02 0.21 
Figure 1. Delafossite crystal structure 
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FIGURE LIST 
Figure 2. XRD data for Cu-deficient CuxGa02; •symbol denotes Ga20 3 peaks 
Figure 3. XRD data for Cu-excess CuxGa02; • symbol denotes Ga20 3 peaks 
Figure 4. a lattice parameter versus composition x 
Figure 5. c lattice parameter versus composition x 
Figure 6. Unit cell volume versus composition x 
Figure 7. SEM micrograph of typical CuGa02 microstructure 
Figure 8: Equivalent circuit used in impedance analysis 
Figure 9: Nyquist plot and equivalent circuit extrapolation 
Figure 10. Temperature dependence of conductivity for CuxGa02 compounds 
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Figure 1. Delafossite Crystal structure 
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Figure 7. SEM micrograph of typical CuGa02 micro structure 
Author: Ashmore & Cann 
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ABSTRACT 
CuGa02 sintered disks were annealed under an 0 2 atmosphere at temperatures 
ranging from 400°C to 600°C for 12 to 100 hours. Using x-ray diffraction, the a and c lattice 
parameters increased with increasing annealing time and temperature. At annealing 
conditions of 500°C and 600°C for 12 hours as well as at 400°C for 100 hours, secondary 
phases of CuGa204 spinel, Ga203, and CuO were reported. These changes in structure also 
correlated with a decrease in conductivity and an increase in activation energy of the 
samples. Resistivity versus time measurements were made at 450°C and 500°C, these 
measurements show no improvement of electrical characteristics before decomposition 
occurs. The data indicate that oxygen intercalation of CuGa02 through the use of annealing 
in an oxidizing environment is not possible. 
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INTRODUCTION 
Cu-based delafossites are transparent conducting oxides with a chemical formula of 
A11Bv10 1v2. The A-site is a monovalent cation (Cu, Ag, Pd, and Pt), while the B-site is a 
trivalent (Al, Co, Cr, Ga, In, Y, etc.).[1-4] These compounds typically form a rhombohedral 
(R 3 m) structure however, they may also form a 2H (P63/mmc) crystal. The structure can be 
best visualized as sheets of edge shared B06 octahedral separated by triangular layers of 
A-ions (Figure 1 ). 
It has been suggested that the primary conduction mechanisms for delafossites such 
as CuA102 and CuGa02 may be either Cu vacancies ( Vcu) or interstitial oxygens ( O; .. ) [5-7]. 
For this study interstitial oxygens will be considered as the dominant defect. Assuming 
interstitial oxygens provide the dominant conduction mechanisms a formula for hole 
generation based on oxygen anneal can be described as: 
..!..02 ~ Q'.' + 2h· 2 I (1) 
Given the electroneutrality condition: 
2[0;'] == p (2) 
an expression for hole density can be derived as: 
I 
p=K pOI (3) 
A conductivity equation can be derived from this hole generation to create: 
1 
-=pqµ 
p 
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(4) 
Where pis resistivity, pis the hole density, q is the hole charge (1.602 x 1 o-19C), andµ is the 
mobility of CuGa02 (0.039 cm
2Ns). [8] Equation 4 suggests that as oxygen is intercalated 
into the system, resistivity should proportionally decrease. 
Oxygen intercalation studies have been performed on a number of Cu-delafossite 
compounds. Most notably, the oxygen excess compounds Cu Y02+x and CuLa02+x were 
successfully synthesized using stoichiometric Cu Y02 and CuLa02 which were annealed in 
oxygen at 550°C and 475°C, respectively. In these cases, the resistivity of the compounds 
decreased as more oxygen was intercalated into the system. The conclusion of this study was 
that the valancy of Cu shifted from Cu1+ to Cu2+, giving rise to decreased resistivity [4]. 
PrCu02+x, NdCu02+x, SmCu02+x, EuCu02+x, and CuAl02+y have also been created yielding 
similar results owing to the increase in mobility carriers due to oxygen loading [9, 10]. 
Oxygen intercalation has also been achieved using thin film sputtering techniques for 
CuSc 1-xMgx02+y· In the case of CuSc 1-xMgx02+y, compounds of varying oxygen intercalation 
were examined by annealing thin films in increasing oxygen partial pressures. The results of 
this study indicate that as oxygen is added to the system, hole concentrations are increased, 
thereby increasing the conductivity of the compound. However, this increase in conductivity 
is accompanied with a decrease in optical transmission [9]. 
While the effects of aliovalent doping within CuGa02 has been presented by this 
group [11], as well as a study of non-stoichiometric CuxGa02 [12] the effects of oxygen 
intercalation within CuGa02 compounds have not been comprehensively published. This 
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work presents the attempt to intercalate oxygen into CuGa02, with its corresponding 
electrical and structural effects. 
EXPERIMENT AL 
Sintered disks of CuGa02 were prepared using solid state synthesis. CuGa02 was 
batched from Cu20 (99.9%, Alfa-Aesar) and Ga203 (99.999%, All-Chemie). The batches 
were made with slightly excess Cu20 (Cu1.01Ga02) to ensure single phase, it is assumed the 
excess Cu was leeched out of the compositions through the alumina crucibles used in firing. 
The batched compositions were milled in ethanol for 4 hrs using zirconia media in a 
vibratory mill to ensure a homogeneous mixture. The powders were dried and calcined at 
1100°C for 12 hours in a sealed tube furnace with a flowing N 2/02 gas mixture of 0 .1 % 0 2. 
The calcined powders were quenched from 1100°C using a magnetic pull-rod to rapidly cool 
the powders to room temperature while maintaining atmospheric integrity. The powders 
were then sieved through a 60 µm mesh, and a small amount of polyvinyl acetate (PVA) 
binder was added. Pellets with a diameter of 12.5 mm were uniaxially pressed. The 
resulting pellets were fired at 1100°C for 24 hours under the conditions (0.1 %02), with the 
addition of a binder burnout step consisting of 6 hours at 600°C. The pellets were once again 
quenched by rapidly removing them from the hot zone of the furnace. 
Once the pellets had been fired, each pellet was then ground to a uniform thickness of 
1.0 mm. Density measurements were performed on the sintered pellets via Archimedes 
method. The effects of time and temperature we examined on oxygen annealing in a 100% 
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02 environment. Samples were annealed for 12 hours at 400°C, 450°C, 500°C, and 600°C, 
with an additional sample annealed for 100 hours at 400°C. X-ray diffraction was then 
performed to analyze each sample's present phases as well as the change in lattice parameters 
of the delafossite. A silver-based electrode paste (Ferro C 1000) was painted onto both sides 
of the pellet and fired at 400°C for 10 minutes under the same atmosphere as the sintering 
conditions. Room temperature ac impedance spectroscopy measurements were made using 
an HP 4194A impedance/gain-phase analyzer, DC current-voltage curves were measured 
using a Keithley 23 7 source-measure unit, and resistance versus temperature plots were made 
using a Delta 9023 environmental chamber. All of the electrical measurements were 
computer controlled using Labview software. A Siemens D500 diffractometer with a Cu-Ka 
radiation source was used, and the patterns were analyzed using Jade 6.5 and Unitcell 
software. In-situ resistivitiy versus time series measurements were also made by using 
sintered disks with fired silver based electrodes, the electroded disks were placed into a 
NORECS high temperature conductivity cell and the change in resistivity was measured at 
450°C and 500°C over the course of time using a Keithley 23 7 source-measurement unit. 
TGA measurements were made using a Perkins-Elmer TGA unit under an atmosphere of 
5%H2/N2 with a heating rate of 10°C/min, isothermal measurements were also made at 
450°C using the same atmosphere. 
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RESULTS AND DISCUSSION 
X-ray diffraction analysis was performed on CuGa02 which where annealed in 
oxygen at various times and temperatures (Figure 2). Under the 0 2 annealing conditions of 
400°C for 12 hours, there appeared to be very little structural change in the delafossite. As 
the annealing time and temperatures increased, the spinel structure CuGa20 4 began to form 
with a marked decomposition of the delafossite to CuGa20 4, Ga20 3, and CuO occurring at an 
anneal of 600°C for 12 hours. This decomposition can be interpreted using Eqns . 5 & 6 
1 1 1 
-02 +CuGa02 ~-CuO+-CuGa204 (5) 2 2 2 
Using the relative intensities of peaks for the given structures, the percentage of the 
individual phases can be determined (Table I), a delafossite decomposition map can be 
constructed (Figure 3). 
The delafossite unit cell dimensions were calculated with a least mean squares 
determination with the results presented in (Figs. 4-5). While the CuGa02 phase is 
rhombohedral, the lattice parameter data are presented using the equivalent hexagonal unit 
cell. These figures show an increase in the a and c lattice parameters as annealing time and 
temperature increased. This expansion of the lattice parameter expansion could be indicative 
of an increase of oxygen content. 
The results of de current-voltage measurements are shown in Table II. The 
conductivities for annealed CuGa02 at the lowest temperatures and annealing times are in 
81 
close agreement with the other reported conductivities of CuGa02 which range from 0.005 to 
0.063 Siem [6, 9, 13]. At an annealing temperature of 500°C the samples begin to show 
sharply decreasing conductivity. This decrease in conductivity also occurs with an increase in 
annealing time as evidenced between the conductivities of the 12 hour and 100 hour annealed 
samples at 400°C. 
The temperature dependence on the conductivity was also explored. By examining 
the change in conductivity from 150°C to -50°C, one can see an approximately linear 
relationship when plotting log a versus reciprocal temperature for each of the compounds 
(Figure 6). The activation energy (Ea) of each compound can also be obtained using the 
Arrhenius equation: 
-E ln a= ln a + __ A 
0 
k T B 
(4) 
The activation energies of each compound can be found in Table IL The activation 
energies of each compound ranged from 0.18 - 0.21 e V for all of the annealed compounds 
except the 600°C, 12 hour annealed sample, which dramatically increased to 0.32 eV. 
Impedance spectroscopy measurements were used to examine the discrete 
contributions to the impedance of each compound. Nyquist plots were created by analyzing 
the real (Z') and imaginary (Z' ') impedance of each sample from 100 Hz to 5 MHz. The 
data can be fit to a relatively simple equivalent circuit (Figure 7), and used to extrapolate a 
full model (Figure 8). An equivalent circuit employing the use of resistors and RC circuits in 
series is often used in modeling the behavior of the intragrandular, grain boundary, and 
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interfacial impedance contributions of ceramics. A single phase ceramic can usually be 
represented using just the resistor and two RC circuits, however in this case up to six RC 
circuits were necessary to adequately model the Nyquist plot. The necessity for more RC 
circuits became prevalent as the annealing temperatures were increased, corresponding with 
the presence of extra phases such as CuO, CuGa20 4, and Ga20 3 within the system. Table III 
gives a summary of the results for the compositions in this study. The increase in resistivity 
with the apparent increase of secondary phases is not surprising considering the resistivities 
of CuO, Ga20 3 and CuGa204 are 3290 (km, >10
6 ncm, and 1010 ncm, respectively [14-16]. 
In-situ resistivity versus temperature studies were performed at 450°C and 500°C 
(Figs.9-10) to determine if a decrease in resistivity could be noted and attributed to oxygen 
intercalation before the samples began to decompose, thereby mitigating any 0 2 intercalation 
effects. In both of these studies, there is an initial decrease in resistivity as the sample is 
brought up to temperature, consistent with a semiconductor; however once the temperature 
becomes constant, there is no decrease in conductivity to suggest oxygen intercalation is 
taking place in either of the studies. The slopes of these resistivity versus time plots were 
0.036 ncm/hour, and 4.25 ncm/hour for 450°C and 500°C, respectively. The resistivity of a 
given sample can be determined as the sum of its constituent phases multiplied by their 
respective volume fractions: 
(5) 
Judging by this marked change in slope, the kinetics of the decomposition reaction can be 
assumed to be greatly increased between these two annealing temperatures. 
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TGA measurements were performed on these samples under a 5%H2/N2 atmosphere 
at a heating rate of 10°C/min (Figure 11) The anticipated decomposition reaction was: 
(6) 
As expected, the mass loss for each sample increased as the annealing time and temperature 
increased. The relative mass loss was also proportional to the fraction of delafossite 
decomposition within the sample. Unfortunately, most of the TGA graphs did not attain a flat 
minima to allow for an accurate mass loss determination, this is most likely due to the 
unwanted reduction of Ga203 to Ga metal. In order to inhibit the reduction of the Ga20 3, iso-
thermal temperature scans were made at 450°C for the 500°C and 600°C 0 2 anneal samples. 
These samples showed a mass loss of 3.56% for the 500°C annealed sample and a loss of 
7. 709% for the 600°C annealed sample. Assuming a stoichiometric, single phase sample, the 
mass loss in the composition given in Equation (6) should be 4.84%. In this case there is 
obviously an increase in loss as annealing temperature increases, however, the 500°C seems 
to show a decomposition pattern of an 0 2 deficient compound. The 600°C anneal gives off a 
mass loss consistent with a sample that has absorbed oxygen into the system, however 
considering the abundance in extra phases present, this may also be due to a decomposition 
of the CuO or CuGa204 present in the sample. 
CONCLUSIONS 
By annealing CuGa02 in 0 2 under varying temperatures and times, attempts to 
intercalate oxygen into the system have been unsuccessful. The meta-stable nature of 
CuGa02 leads to decomposition of the structure into spinel which proceeds to form CuO and 
84 
Ga20 3. Considering the insulating nature of CuGa20 4 (0.35 x 10-
10 S/cm)[16], any 
decomposition serves to mitigate attempts to improve conductivity through oxygen 
intercalation. While it may be possible to create oxygen intercalated thin films of CuGa02 
through non-equilibrium techniques such as magnetron sputtering, it appears that the oxygen 
annealing of sintered CuGa02 ceramics is not a feasible way to improve conductivity. 
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Table I. Phase composition for annealed samples 
02 Annealing CuGa02 CuGa204 CuO Ga203 
Conditions (%) (%) (%) (%) 
400°C 12 hrs 98.7 - - 1.3 
450°C 12 hrs 98.0 2.0 - -
400°C 1 oo hrs 85.0 9.6 1.7 3.7 
500°C 12 hrs 58.0 23.0 13.7 5.3 
600°C 12 hrs 22.1 44.3 28.6 5 
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Table II. DC Room Temperature Conductivity Measurements and Activation Energies from 
Conductivity versus Temperature Ahrennius plots 
02 Annealing Ea Conductivity 
Conditions (eV) (Siem) 
400°C 12hrs 0.18 0.012 
400°C 1 OOhrs 0.2 0.0007 
450°C 12hrs 0.19 0.021 
500°C 12hrs 0.21 0.0021 
600°C 12hrs 0.32 0.00046 
88 
Table III. Fitting parameters derived from impedance spectra for CuxGa02 ceramics using 
the equivalent circuit shown in Fig. 6. 
Rl R2 R3 R4 RS R6 R7 
0 2 Annealing Conditions (fl) (fl) (fl) (fl) (fl) (fl) (!l) 
400(°C) 12hrs 4.4 1.9 1.0 0.3 0.1 - -
400(°C) 1 OOhrs 23.1 71.8 45.9 9.7 3.4 - -
450(°C) 12hrs 2.7 1.6 1.1 0.1 0.03 - -
500(°C) 12hrs 17.2 33.82 10.9 3.1 0.55 - -
600(°C) 12hrs 1316 2920 2314 1564 1077 925.3 584.8 
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FIGURE LIST 
Figure 1. Delafossite crystal structure 
Figure 2. XRD data for 0 2 CuGa02; Miller indices are given for the delafossite peaks; • 
symbol denotes CuGa204 peaks; * symbol denotes Ga203, • symbol denotes CuO 
Figure 3. Delafossite decomposition map based on X-ray intensities 
Figure 4. a lattice parameter versus annealing time and temperture 
Figure 5. c lattice parameter versus annealing time and temperature 
Figure 6. Temperature dependence of conductivity for annealed CuGa02 compounds 
Figure 7. Equivalent circuit used in impedance analysis 
Figure 8. Nyquist plot and equivalent circuit extrapolation for CuGa02 annealed 
at 600°C for 12 hours 
Figure 9. Time dependence ofresistivity for CuGa02 annealed at 450°C 
Figure 10. Time dependence of resistivity for CuGa02 annealed at 500°C 
Figure 11. TGA measurements on 02 annealed CuGa02 
Figure 12. Isothermal decomposition at 450°C for 02 annealed samples 
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CHAPTER 6. GENERAL CONCLUSIONS 
In this work, CuGa02 has been extensively studied in order to improve its 
conductivity and thus viability in the commercial market. If the conductivity of p-type 
delafossites can be sufficiently increased without the expense of losing their transparent 
nature, durable transparent electronic devices using this compound can become a reality. 
Undoped CuGa02 is intrinsically p-type in nature with a conductivity on the order of 
0.02 Siem. The origin of the p-type conductivity has not been definitively established, 
however possible ionized defect species include interstitial oxygens (Oi"), cation vacancies 
(V cu', V oa' ''), anti-site defects, or defect associates. Unfortunately, the limited stability of the 
delafossite structure is not amenable to classic defect chemical analysis techniques such as 
measuring the p02 dependence of the conductivity. For example, at temperatures where 
equilibrium can be established relatively quickly (e.g. 800°C), CuGa02 is only stable over 5 
decades in oxygen partial pressure. This makes calculation of the dcr/dpo2 slope unreliable. 
Previous studies of acceptor doping of CuGa02 on the B-site yielded a limited 
improvement in conductivity. The edge-shared octahedral layer of the delafossite structure 
may strongly limit the ability to incorporate dopants because of Coulombic interactions. 
Therefore, to minimize energy, aliovalent acceptor dopants are either ionically compensated 
(e.g. vacancies) or defect associations are formed. Donor doping with Sn dramatically 
decreased the conductivity of the delafossite structure. As explained in Chapter 3, the 
quenching of the conductivity in donor doped CuGa02 was caused by the formation of Cu 
vacancies via the following reaction: 
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This suggestion was supported by an increase in the c lattice parameter with increasing Sn 
mole fraction. Since the c lattice parameter is controlled primarily by the A-0-A bond 
lengths, the increased bond lengths suggested a formation of Cu vacancies. 
From a simple analysis of the structure it is likely that Cu-vacancies are a low energy 
defect in CuGa02 and from geometric considerations there are no unambiguous sites for 
interstitial oxygens to form. To clarify these points, the primary focus of this thesis work 
was to perform a study of non-stoichiometric CuGa02 to understand the influence of 
stoichiometry on the conductivity, and therefore gain a further understanding of the intrinsic 
conductivity mechanism responsible for the observed p-type nature. 
If Cu vacancies are the primary defect within CuGa02, Cu deficient delafossites 
should create increased conductivities. Several Cu-deficient and Cu-excess compounds were 
created using solid-state synthesis. XRD was preformed on these structures, and a least 
squares fit approximation was used to determine the a and c lattice parameters for each of the 
CuxGa02 compounds. It was found that the stoichiometric compounds had a and c lattice 
parameters of2.9765A and 17.168 A, respectively. As the compounds departed from 
stoichiometry, the a and c lattice parameters decreased sharply past a non-stoichiometry of 
Cu0.98Ga02. This decrease was accompanied by an increase in the secondary phase of Ga203 
it is assumed that Cu20 is also present, however the 100% peak of CuGa02 overshadows its 
presence. The use of SEM/EDS analysis also showed the presence of areas rich in a Ga phase 
assumed to be Ga203 and a Cu phase assumed to be Cu20. 
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At this point several electrodes were studied to find one which would make an Ohmic 
contact with CuGa02. A silver-based thick film electrode was found to produce acceptable 
Ohmic contacts when fired at low enough temperatures to suppress the decomposition of the 
delafossite phase. Once an acceptable electrode was found, DC room temperature 
conductivities for CuGa02 ranging from 0.006 to 0.016 Siem were established for the non-
stoichiometric compounds. These values were also supported using ac impedance 
spectroscopy. These conductivities were well within the range of other reported conductivity 
values for CuGa02 [41-43]. Activation energies were also found to be in the range of 0.18-
0.22 eV. Unfortunately, the variance in conductivities and activation energies did not 
correlate well with a variation in Cu stoichiometry within the compounds. The CuGa02 does 
not appear to be able to tolerate non-stoichiometry and thus, with solid state synthesized 
ceramics, it is not possible to introduce holes into the delafossite structure through varying 
the Cu-stoichiometry. Rather than incorporate Cu vacancies into the delafossite, the structure 
simply precipitates out Ga20 3 to maintain a stoichiometric ratio. This suggests that just Cu 
vacancies may be too simplistic of a model for the primary conduction mechanism within 
CuGa02. Ingram et. al. [24] suggested that an intrinsic acceptor defect associate 
((Alcu
00
20i'')") determines the hole concentration within CuAl02, however a defect structure 
such as this should vary based on the A-site/B-site ratio. Considering that the conductivity 
remains invariant with x in Cui-xGa02, it seems that this may not be an appropriate 
conduction mechanism in CuGa02. The energy for a defect such as (Alcu
00
20i")" in CuGa02 
would be influenced by the ionic radius and it is possible that the larger size of Ga relative to 
Al may make this defect energetically unfavorable. 
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It has also been noted that the electrical properties of several Cu-based delasfossites 
can be improved through oxygen intercalation. In this case interstitial oxygens are formed 
which increase hole concentrations within the structure via the defect reaction: 
CuGa02 Qll + 2h • 
I 
Most of the success in oxygen intercalation has been with large B-site cation delafossites 
such as CuY02+x, and CuLa02+x [16, 28, 43]. These structures can be easily loaded with 
oxygen, because the B-cation ionic radius controls the interstitial site size into which 
interstitial oxygens can be intercalated. For B-site cations with small ionic radii such as 
CuA102, CuGa02, and CuCr02, it is much more difficult to incorporate oxygen into the 
structure, as the interstitial sites are too small to accommodate oxygen with its larger ionic 
radius. However, there has been success in intercalating oxygen using non-equilibrium 
sputtering techniques. If it is possible to create interstitial oxygens within CuAl02 it may 
also be possible to intercalate CuGa02. 
Towards this end, 0 2 annealing was used as a method to generate interstitial oxygens 
within the delafossite structure. Accordingly, sintered disks of CuGa02 delafossite were 
created and then annealed at 400°C, 450°C, 500°C, and 600°C for 12 hours, and also 
including once sample annealed at 400°C for 100 hours. The results of this study did not 
produce an increase in conductivity for CuGa02. At the lower temperatures and annealing 
times, the samples showed little change compared to untreated CuGa02. As the annealing 
conditions for the CuGa02 disks increased, the samples began to decompose and the 
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conductivity of the samples decreased as the semiconducting delafossite structure 
decomposed into the insulating CuGa204 and CuO. This evidence was also supported by the 
increase in activation energies for the samples, as well as the need for additional circuits to 
accurately model the ac impedance spectra as the annealing temperature increased. The extra 
circuit elements are a reflection of the introduction of secondary phases within the material. 
Resistivity versus time studies were also done at 450°C and 500°C to see if there might be a 
decrease in resistivity owing to oxygen intercalation prior to decomposition. Neither of these 
time studies showed a significant decrease in resistivity. Once the temperature stabilized, the 
resistivity of the samples remained constant until the decomposition reaction progressed far 
enough to begin to produce an increase in resistivity within the samples. 
In conclusion, delafossite ceramics have the potential to create a wide array of 
optoelectronic devices, ultimately ranging from transparent computers in functional 
windshields, to transparent solar-cell coatings which may one day power a sky-scraper. 
However, before this can be accomplished, the electrical qualities of p-type transparent 
conducting oxides need to be greatly enhanced. Solid-state synthesis studies on CuGa02 
have yet to yield promising results towards achieving this goal. 
Further research in this field may lie with the possibility of co-doping delafossites. 
Co-doping involves the doping of materials using both acceptor and donor dopants (2 
acceptor+ 1 donor, 1 double acceptor+ 1 single donor). This technique has been shown in 
increase conductivity of wide band gap p-type semiconductors such as ZnO by increasing the 
solubility of the acceptor dopants. [ 44] Such a technique may also be useful for increasing 
the conductivity in the delafossite system. 
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Further study in small B-site cation delafossites such as CuGa02 may require a non-
equilibrium synthesis method to maximize the control over the stoichiometry. Studies of 
hydrothermally prepared CuA102 appear to have increased conductivity by an order of 
magnitude compared to solid-state synthesis. Hyrdothermal synthesis is a low temperature 
technique, moderate pressure that involves a red-ox reaction between precursor oxides (Cu20 
and Ga203 for CuGa02) in the presence of water and a hydroxide such as NaOH at pressures 
near 3000 atms. In non-equilibrium case such as this, it may be possible to manipulate the 
lattice into intercalating oxygen without giving it the energy needed to allow a secondary 
phase to precipitate out. The study of co-doping or a non-equilibrium synthesis route may 
present more fruitful results that those presented in this study. 
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ABSTRACT 
The electrical properties and microstructural characteristics of solid state synthesized 
CuGa02 ceramics were investigated. Undoped CuGa02 ceramics exhibited p-type 
conductivity with a Seebeck coefficient of 780 µ V /Kand a room temperature conductivity of 
0.0033 Siem. Examination of the microstructure of CuGa02 ceramics revealed the existence 
of thin laminar twins oriented along the { 0001} basal plane with thicknesses varying from 
several to several tens of nanometers. Doping with Ni2+ and Mg2+ did not result in a 
significant increase in conductivity and doping with Sn4+ resulted in a remarkable decrease 
in conductivity. With evidence from diffraction data on Sn-doped ceramics, it is proposed 
that the Sn4+ was ionically compensated with Cu vacancies. 
KEYWORDS 
A. semiconductors, D. electronic transport, A. electrode materials, C. scanning and 
transmission electron microscopy, C. X-ray diffraction 
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INTRODUCTION 
New consumer electronic devices are developed to be ultra-portable and efficient, 
combining communication, storage, and multimedia technologies in one package. These so-
called smart devices require transparent electrodes and circuitry in order to retain portability, 
thus much research has been conducted in the broad field of transparent conducting oxides 
(TC Os) [ 1-7]. The first device application of a TCO material was as a de-icer for WWII 
bomber windows [ 6]. In addition to being used in automobile and supermarket freezer 
display windows, TCOs are now used in a variety of applications that exploit certain aspects 
of the unique combination of electrical and optical properties they possess. Some 
applications, such as low emissivity and electrochromic windows, are more passive device 
applications in which the high IR reflectivity (controlled by the location of the plasma 
absorption edge) is utilized to reflect heat back into or out of certain spaces. Other 
applications, such as state-of-the-art flat panel displays, push the envelope of existing TCO 
properties such as conductivity and transmissivity. 
In the past, TCO materials have been predominantly n-type. This has limited their 
applications since functional semiconducting devices require a pn-junction. It wasn't until 
recently that p-type TCO materials have become well-known [8], and with their arrival, the 
possibility of transparent devices has become a reality [9-1 OJ. However, since their 
conductivities are several orders of magnitude lower than their n-type counterparts, many 
groups have sought new materials in hopes of reaching more practical conductivity values. 
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The delafossite structure is one such material that has the potential to achieve high p-
type conductivity (Fig. 1 ). The delafossite-type compounds have the formula A11 BVJ d v2, 
where the A site is host to a monovalent cation (Cu, Ag, Pd, and Pt), while the B site is 
typically host to a trivalent transition metal cation (Al, Co, Cr, Ga, In, etc.) [11-13]. In this 
structure layers of A cations that are linearly coordinated to two oxygen atoms, are 
alternately stacked between layers of edge-sharing B3+06 octahedra oriented perpendicular to 
the c-axis. It is important to note that in these B3+06 octahedra the oxygen atom is in pseudo-
tetrahedral coordination as B3AO. Depending on the stacking, the B
3+06 octahedral layers 
-
can lead to either rhombohedral or hexagonal structures, with space groups R 3 m and 
P63/mmc, respectively. 
The layered stacking sequence in the delafossite structure leads to high anisotropy in 
the structure. In fact, due to their close proximities, the A-A bonding distances actually 
approach distances close to their respective metallic counterparts [11]. In the case of Pd, the 
comparative Pd-Pd bonding lengths in the PdCo02 delafossite and their metal counterpart are 
2.83 A and 2.75 A, respectively. While in the case of Ag, the bonding lengths in the 
AgCo02 delafossite and Ag metal are 2.873 A and 2.89 A, respectively. 
The structural anisotropy in the delafossite structure transcends into its properties. In 
the case of CuCo02, large anisotropies are observed in the materials resistivity and activation 
energy. The resistivity and activation energy along the c-axis are 5 x 107 0-cm and 0.7 eV, 
respectively, while along the a-axis these values change to 2 x 105 0-cm and 0.2 eV [9]. 
Due to the anisotropic crystal structure, the lattice parameters of the delafossite 
system are strongly influenced by the ionic radii of the A- and B-site cations. As Fig. 2 
illustrates, the a-axis is highly dependent upon the ionic radii of the B-site cation, while the 
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c-axis is fixed largely by the 0-A-O bond length. Due to the fact that the B-site cation is 
incorporated into the B3+06 octahedra, which are located in the ab plane of the structure, any 
changes that occur on the B-site primarily impact the a cell length. Also, due to the repulsive 
nature of the B3+ cations along the shared octahedral edges, a distortion occurs resulting in a 
shortened interatomic distance between the oxygen anions. As the B-site cation radius is 
increased, the B-0 distance increases while the 0-0 contact distance remains relatively 
unchanged. Therefore, an increase in B-cation size has little impact on the c-axis lattice 
parameter. 
While a considerable amount of work has been achieved in the investigations of 
CuAl02, CuY02, and other delafossites [14-29], few reports have been obtained for 
delafossites containing the B-site cation Ga [30-33]. We have previously investigated the 
high temperature phase equilibria of isovalent cation-doped CuGa1_xlnx02 [34]. In this work, 
we present the synthesis, electrical properties, and microstructure of aliovalent cation-doped 
CuGa02, 
EXPERIMENT AL 
CuGa02 powders were prepared from stoichiometric mixtures of Cu20 and Ga203. 
Doping of CuGa02 was achieved with powders of Sn02, NiO, and MgO. All powders were 
vibratory milled with zirconia media in ethanol for 6 hours. To ensure a homogeneous 
distribution of the dopants, the binary oxides of the B-site cations were pre-reacted at 1100 
°C in air for 12 hours. The pre-reacted B-site oxides were then added to an appropriate 
112 
amount of Cu20 and vibratory-milled in ethanol again. The powders were then calcined 
from 1000 °C to 1200 °C for 16 hours in a controlled atmosphere with an 0 2/N2 mixture of 
0.1 % 02. The stoichiometric reactions for the doped compounds are given as: 
Cu20 + Ga2(l-x)Sn2x03+x ~ 2CuGa1_xSnx02 + Yz x02 
Cu20+ Ga2(l-x)Ni2x03_x + Yzx02 ~2CuGa1_xNix02 
Cu20 + Ga2(I-x)Mg2x03_x + Yz x02 ~ 2CuG°'J_xMgx02 
(1) 
(2) 
(3) 
A high temperature quenching apparatus was used to quench the calcined powders to room 
temperature while maintaining the controlled atmosphere conditions [34]. 
The powders were characterized through x-ray diffraction (XRD), which allowed for 
phase determination using Cu-Ka radiation. The lattice parameters of the delafossite phase 
were then calculated using the Cohen least squares method for a hexagonal system. 
The calcined powders were then mixed with approximately 5 wt% poly (vinyl 
alcohol) binder and pressed into 12.5 mm diameter pellets using an uniaxial press. After 
binder burnout at 500°C, the pellets were sintered for 24 hours at l 100°C in the same 
atmosphere of (p02 = 10·3 atm) followed again by a rapid quench. Electrical measurements 
were carried out on the sintered pellets Au sputtered electrodes. The conductivity was 
measured using a combination of ac impedance spectroscopy and de current-voltage 
measurements. Transmission electron microscopy (TEM) was carried out on a Phillips 
CM30 TEM operated at 300 kV. 
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RESULTS AND DISCUSSION 
As shown in Fig. 3, single phase CuGa02 delafossite was obtained after sintering at 
1100°C for 24 hours. Within the detection limits of XRD no secondary phases were 
observed. As a side note, examination of the microstructure with scanning electron 
microscopy (SEM) images with energy dispersive spectroscopy (EDS) also revealed no 
evidence of secondary phases. Analysis of the diffraction data yielded the hexagonal unit 
cell parameters a= 2.976 A and c = 17.160 A. These values are comparable to other reports 
in the literature [30,32]. 
TEM was utilized to examine the microstructure of the CuGa02 ceramics. It was 
found that the as-prepared ceramics were of high quality without any evidence of secondary 
phases along the grain boundaries. The most prominent feature was the appearance of 
laminar twins in almost all of the grains. Fig. 4 illustrates one example imaged within a 
single grain with the selected area electron diffraction pattern attached. Indexing the electron 
diffraction pattern shows that the twinning plane is the { 0001 } basal plane. The systematic 
absence of {0001} and {0002} diffraction spots confirm the trigonal 3R symmetry. The 
image in Fig.4 was hence taken with lamellar twins at an edge-on position and their thickness 
can be estimated from this micrograph. The thickness varies from several to several tens of 
nanometers. The twins were observed to extend across the entire grain, indicating a typical 
length of several micrometers. As a consequence of these extremely thin, yet quite large, 
platelet twins, severe streaking along the thickness { 0001 } direction was evident in the 
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electron diffraction spots. It is interesting to note that these twin patterns were not observed 
in then-type delafossite Agln02 [35]. Therefore it is possible that the defect species which 
are responsible for the p-type conductivity play a role in stabilizing these twins. Further 
work is in progress to establish this relationship definitively. 
The electrical conductivity of undoped CuGa02 versus temperature is shown in Fig. 
5. The room temperature conductivity was measured to be 0.0033 Siem. The temperature 
dependence shows some deviation from Arrhenius-type behavior with a nominal slope of 
approximately 0.144 eV. In other delafossite materials, Arrhenius behavior is typically 
observed at higher temperatures before transitioning to a variable-range hopping behavior (In 
cr oc T 114) below approximately 200 K [14]. As shown in Fig. 6, thermoelectric 
measurements resulted in a positive Seebeck coefficient which is indicative of p-type 
conductivity. The room temperature value of 780 µVIK matches closely with the previously 
reported values [30]. 
The effects of doping CuGa02 was explored through substitution of a small mole 
fraction (typically between 1 to 5 mole % ) of Ga3+ with either divalent ions such as Mg2+ and 
Ni2+ or the tetravalent ion Sn4+. The dopant ions were selected on the basis of their ionic 
radii relative to Ga3+. To homogenize the distribution of the dopant ion, samples were 
subjected to an additional milling step immediately following sintering. Afterwards, the 
samples were sintered a second time under the same conditions. 
CuGa02 ceramics doped with 2.5 mol% of Ni or Mg exhibited only a minor increase 
in conductivity. For example, CuGao.97sNio.02s02 samples had an average room temperature 
conductivity of 0.0065 Siem, only a factor of 2 larger than the undoped ceramics. The Mg-
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doped ceramics showed a similar trend. In addition, in contrast to undoped CuGa02, the 
conductivity of divalent-doped CuGa02 was temperature independent. 
CuGa02 specimens doped with between 1 to 5 mol% Sn4+ exhibited a dramatic 
decrease in conductivity. For example, the composition CuGao.975Sn0.0250 2 was measured to 
have a room temperature conductivity of 1.5 x 10-6 Siem, a factor of 103 smaller than 
undoped CuGa02. This suggests that the intrinsic defect species that is responsible for the 
observed p-type conductivity in CuGa02 must have been ionically compensated by the Sn-
doping. In CuAl02, it has been suggested that Cu vacancies or interstitial oxygens are the 
dominant acceptor defect species (A') which determine the hole density [8,20,32]. With Sn-
doping it is likely that the defect equilibrium reverted to: 
[A']= [h•]+ [Sn~a] (4) 
Examination of the XRD patterns of Sn-doped CuGa02 specimens reveal a clear trend 
towards decreasing c-axis lattice parameter with increasing Sn mole fraction. (Fig. 7). Since 
the c-axis length is largely determined by the linear 0-A-O structures, the decrease inc-axis 
length is likely due to the formation of Cu-vacancies in response to Sn doping. This is 
consistent with a defect model for ionic compensation of the Sn-dopants via the defect 
reaction: 
(5) 
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Under these conditions, Sn-doping is ionically compensated through the formation of Cu 
vacancies. Further evidence supporting this scheme was observed in the XRD data for 
samples with a high Sn-doping level. As seen in Fig. 8, peaks corresponding to the Cu20 
phase appear in the diffraction pattern with no evidence of Sn02 . This suggests that the 
substitution of Sn4+ for Ga3+ results in the formation of excess Cu20. 
Overall, the results of the doping attempts in CuGa02 indicate that it is difficult to 
improve the conductivity through solid state methods. The minor increase in conductivity 
achieved through Ni- and Mg-doping may have been the result of the formation of defect 
associates. Donor doping through Sn-substitution resulted in a dramatic decrease in 
conductivity because of the formation of Cu vacancies. To achieve high conductivities in 
delafossite materials, non-equilibrium processing techniques or co-doping strategies may be 
required [9,25,36]. 
CONCLUSIONS 
The electrical properties of doped and undoped CuGa02 ceramics prepared by solid 
state synthesis are reported. Undoped CuGa02 ceramics exhibited p-type conductivity with a 
Seebeck coefficient of 780 µV/K and a room temperature conductivity of 0.0033 Siem. 
Microstructural investigations revealed a high density of laminar twins oriented in the 
{ 0001} basal plane. Doping with divalent ions resulted in only a modest increase in 
conductivity, while doping with Sn4+ resulted in a decrease in conductivity. XRD data 
suggest that the decrease in conductivity was associated with the formation of charge 
compensating Cu vacancies. 
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FIGURE LIST 
Fig. 1 Delafossite structure with the general formula AB02. 
Fig. 2 a- and c-lattice parameters versus the ionic radii of the B-cation for all Cu-
delafossites 
Fig. 3 XRD pattern for CuGa02 ceramic. 
Fig. 4 Lamellar twins are extensively observed in the undoped CuGa02 ceramic with TEM. 
Fig. 5 Conductivity versus inverse temperature for undoped CuGa02. 
Fig. 6 Seebeck coefficient versus temperature for undoped CuGa02. 
Fig. 7 a- and c-lattice parameters versus Sn-doping concentration. 
Fig. 8 XRD pattern for Sn-doped CuGa02 with Cu20 peaks identified by * symbol. 
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Fig. 1 Delafossite structure with the general formula AB02. 
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Fig. 3 XRD pattern for CuGa02 ceramic. 
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Fig. 4 Lamellar twins are extensively observed in the undoped CuGa02 ceramic with TEM. 
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Fig. 8 XRD pattern for Sn-doped CuGa02 with Cu20 peaks identified by * symbol. 
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